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ABSTRACT
High near-surface compressive stress in massive 
granodiorite of the central Sierra Nevada produces natural 
rock failure characteristics occasionally seen in mining and 
quarrying operations. The principal component of the stress 
was elastically induced by erosional removal of overburden. 
Other contributions include stresses due to thermal 
fluctuations in the rock surface and gravitational loading. 
Granodiorite fails by stress-relief fracture exhibiting 
continuous parallelism with topography and a linearly 
increasing spacing with depth. Utilizing fracture mechanics 
priciples, a maximum stress estimate of 13 MPa at Tuolumne 
Meadows yields estimates of fracture toughness for Half Dome 
and Cathedral Peak granodiontes of 0.4 and 1.7 MPa(m) 
respectively. Compressive stresses of 13 and 32 MPa are 
required to initiate extension of maximum grain size 
microcracks for Cathedral Peak and Half Dome granodiorites, 
assuming a fracture toughness value of 1.6 MPa(m) obtained 
by averaging five values for granitic rock from the 
literature. Nine examples of gable mode buckling failure of 
surficial granodiorite slabs yield, through back-calculation, 
original .in-situ stresses ranging from 5 to 16 MPa.
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CHAPTER 1 —  INTRODUCTION
INTRODUCTION
Certain regions around the world exhibit anomalously high 
horizontal stresses in rocks near the ground surface. Reasons 
ascribed to the existence of these high stresses include large 
scale tectonic activity, particularly relative to plate 
boundary interactions, topographic concentrations of stress, 
and residual stress accumulation resulting from repeated ice 
loading or erosion of overburden. Rocks subjected to high 
horizontal stresses can fail by: 1) jointing or fracturing; 
2) faulting, where displacement occurs, and; 3) folding in 
rock exhibiting ductile behavior.
In this study, residual stress accumulation and near­
surface failure response of massive Sierra Nevada granodiorite 
are examined. The basic approach is to apply previously 
developed hypotheses concerning the mechanistic modes of 
stress accumulation and relief to geological observations made 
in the field. The same types of failure mechanisms observed 
by the author in the field have caused rock failure in 
quarries, mines, and engineering structures. It is hoped, 
therefore, that quantitative knowledge gained concerning the 
expression of release of residual elastic strain energy at 
natural free boundaries will lead to a better understanding 
of its expression into excavations.
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SCOPE AND PURPOSE OF STUDY
Generally, the purpose of this study is to investigate 
the origins and resulting failure manifestations of high near­
surface compressive stress in three granodiorites of the 
central Sierra Nevada mountains. Field investigations have 
produced examples of compression-induced stress relief 
fracturing in conformity with the topography. In addition, 
examples of buckling failure of surface granodiorite sheets 
have been located and measured. Sheet fracturing and buckling 
indicate the existence of anomalous high horizontal in-situ 
stresses at the surface and to shallow depths in the 
rockmasses. The field observed failure mechanisms, combined 
with linear elastic mechanics theory, can yield quantitative 
estimations of strain energy and residual stresses locked into 
the rock by past geologic events.
Two methods are used and compared to estimate in-situ 
residual stresses in the granodiorite rockmasses. They are: 
1) structural buckling theory, via back-calculation of 
stresses required for buckling of field examples observed in 
Yosemite Park and Mokelumne River, and; 2) linear elastic 
fracture mechanics theory, as it relates to stresses required 
for the initiation and propagation of fractures in a brittle, 
linearly elastic substance. Laboratory testing conducted on 
cores from samples collected in the field produced rock 
deformabiiity characteristics necessary to estimate stored
3
elastic energy and residual stresses locked in the three 
granodiorites.
Loading or unloading conditions imposed on a rockmass, 
whether manmade or natural, induce changes in the preexisting 
quasi-static elastic stress field. The response of the rock 
depends on large and small scale geologic conditions of the 
rockmass, the magnitude and geometry of loading, and 
engineering properties of the rock itself. If the causes, 
nature, and resulting failure mechanisms of residually 
stressed rock are better understood, then predictions which 
lead to safer and more cost effective design can be made for 
engineered rock excavations.
PREVIOUS WORK
Studies involving stress relief failure and deformation 
of rock have been conducted both qualitatively and 
quantitatively. Geological literature contains classic works 
describing natural stress relief failure with possible 
geologic explanations. Studies conducted within a mining, 
geological, or geotechnical engineering context have focused 
on obtaining a better understanding of the mechanisms involved 
with the failure of residually stressed rock. These studies 
often involve the documentation and engineering analysis of 
rock failures encountered during construction phases of 
surface and underground excavations.
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Residual Stresses
One of the earliest studies of sheet fracturing in the 
Sierra was by Gilbert (1904). Gilbert first put forth the 
hypothesis that the granitic dome structures of Yosemite are 
a result of dilation of the rock due to erosional unloading. 
Matthes (1930) reasserted this idea in a study of the geologic 
history of Yosemite Valley. He also showed, based on field 
evidence, that stress relief fracturing predates recent 
periods of glaciation and likely occurs over a period of 
thousands of centuries.
Johnson (1970) presented analytical methods for the study 
of sheet fracturing. He utilized engineering stress-strain 
theory to explain possible origins of residual stress. In 
addition, he explained stress relief fracture and rock squeeze 
problems observed in New England granite quarries using 
stress-strain theory and elementary fracture mechanics. A 
more recent work by Holzhausen (1989) addressed the morphology 
and boundary conditions associated with sheet structure. 
Included in this work is a discussion of possible origins of 
the high compressive stress believed to be responsible for 
sheet fracture formation.
In a more general context, Brown and Hoek (1978) compiled 
an extensive listing of horizontal and vertical stress 
determinations made at various depths at various locations 
around the world. Though no attempt was made to explain the
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origins of anomalously high near surface horizontal stresses, 
the authors developed empirical relationships between the 
ratio of horizontal to vertical stress and depth below ground 
surface and further deduced an upper limit of stress 
supportable by rocks at the surface.
Mechanics of Failure From Residual Stresses
Many studies have been conducted concerning the failure 
of brittle materials in compression. Perhaps the most famous 
was done by Griffith (1924) . Griffith suggested that the 
reason brittle solids exhibit a tensile strength far less than 
would be predicted from the rupture of atomic bonds is because 
of the existence of microscopic flaws in the material. Other 
authors have since analyzed fracture initiation and 
propagation in rocks based on high stress fields set up around 
Griffith cracks in a compressive stress regime. Fairhurst and 
Cook (1966) used the fact that cracks initiating at Griffith 
flaws tend to propagate parallel to the direction of maximum 
principal stress to explain the phenomenon of longitudinal 
splitting during uniaxial compression. Nemat-Nasser and Horii 
(1982), within the framework of modern linear elastic fracture 
mechanics (LEFM) theory, developed a mathematical formulation 
describing the kinked growth of tension cracks from the tips 
of variously oriented Griffith flaws in a plate subjected to 
uniaxial compression. They then performed a series of
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qualitative experiments on thin plates of Columbia Resin which 
contained cracks of various orientations and achieved 
excellent agreement with their analytical results. The 
authors propose that their results support the hypothesis that 
sheet fracturing is a result of tectonic forces acting 
parallel to topography.
A study done by Roorda et al (1982) presented means by 
which surface lateral instability in stressed rock strata 
could be analyzed. Particular attention is paid to buckling 
of rock at the ground or excavation surface. The analyses 
give methods for computing stresses and dimensions of strata 
during different possible modes of buckling failure.
Case Histories
Many studies relating to the investigation of the origins 
of high near-surface rock stresses and resulting failure 
mechanisms have arisen from problems encountered during 
construction or utilization of excavations in rock. Problems 
encountered include buckling of rock strata in the floors of 
open pit mines and quarries as well as occurrences of 
extensional stress relief fracturing (spalling) and, far more 
serious in terms of worker safety, rockbursts. In addition, 
inward movement of rock into excavations have been documented.
Table 1-1 gives a listing of some of the case histories
documenting stress relief failures which have occurred during
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or subsequent to the construction of various near-surface rock 
excavations. An interesting exception to the other case 
histories is the buckling failure reported by Karrow (1963). 
This case illustrates the potential for near-surface 
instabilities not induced by man to have a serious impact on 
mans 1s activities.
TABLE 1-1
Engineering case histories which involved 
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CHAPTER 2 LOCATION AND GEOLOGY
LOCATION OF STUDY
The Sierra Nevada batholith is located in southcentral 
to northern California and extends eastward into extreme 
western Nevada. Though sheet structure is observed over much 
of the Sierra Nevada, intact buckling failure of surface 
sheets has been observed by the author at two specific 
localities. These two study locations are in central 
California near North Fork Mokelumne River and Tuolumne 
Meadows in Yosemite National Park (Figure 2-1).
The Mokelumne River location (Figure 2-2) is 
characterized by massive granitic rock sparsely vegetated with 
pine, oak, and manzanita shrub on the south-facing slopes with 
heavier vegetation across the canyon on the more shaded north­
facing slopes. The buckled slab site at Mokelumne River can 
be reached via Carson Pass highway (State Highway 88) and the 
Ellis Road cutoff which is located approximately 55 km east 
of Jackson, California. From the cutoff, the site is another 
10 km down Ellis Road toward Salt Springs dam and powerhouse.
Most of the data and buckling failures analyzed in this 
study were noted and measured just west of Tuolumne Meadows 
near State Highway 120 which passes through Yosemite Park 
(Figure 2-3) . The area can be reached from highway 12 0 which 
cuts off from US 3 95 at Lee Vining approximately 4 0 km to the
1
Figure 2 1. Generalized map of central California showing 
the two study locations.
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Figure 2-2. Mokelumne study area showing buckled slab site.
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Based on USGS Tuolumne Meadows, Calif. 15' Quad.
1875 1250 625 0m 1250m 1 0.5 0 1 mile
CONTOUR INTERVAL 80 FEET
Figure 2-3. Tuolumne study area in Yosemite National Park.
14
east, or from the west park entrance 50 km to the west. 
Because of the high altitude and massive rock terrain, pine 
and fir are sparse on open, south-facing slopes. An increase 
in floral abundance occurs in topographic lows and on north­
facing slopes.
GEOLOGY —  CRETACEOUS TO TERTIARY 
Sierra Nevada Tectoqenesis
The Sierra Nevada mountain range is 80 to 130 km wide 
and more than 600 km long, extending from the Mojave Desert 
northward to the Cascade Range. The core of the range is a 
continuous batholithic block composed mainly of granitic rocks 
of Mesozoic age.
The Sierra Nevada block is a portion of the earth's crust 
which has broken free along its faulted eastern edge and has 
been tilted westward (Bateman and Wahrhaftig, 1966) . 
Throughout the Cenozoic, a northwestward, counterclockwise 
rotation of the Sierra Nevada block has occurred, moving away 
from the continental interior more in the north than in the 
south (Hamilton and Myers, 1966). The Sierra Nevada batholith 
has thus, owing to its mechanical strength, drifted as an 
unbroken block, leaving in its lee the large scale tensional 




The Sierra Nevada batholith is comprised of a few large 
plutons which have grouped between them many smaller plutons. 
The larger and some of the smaller plutons are elongate with 
axes parallel to the long direction of the batholith. Other 
smaller plutons are either elongate in other directions or 
irregularly shaped.
The granitic rocks vary in a broad sense in both age and 
composition from west to east across the central part of the 
batholith. The major plutons in the western part of the 
batholith are generally older (Late Triassic or Early 
Jurassic) and more mafic with younger (early Late Cretaceous) 
granitic rocks of more silicic composition occurring further 
to the east (Bateman and Wahrhaftig, 1966).
Mokelumne Rocktvpe
The granitic rocktype which is the major rock in the 
western part of Mokelumne wilderness area is the Granodiorite 
of Caples Lake (Kcl) . This rock is informally named for 
outcrops in the vicinity of Caples Lake (McKee and Howe, 
1981). Granodiorite of Caples Lake is exposed over all of the 
area shown in Figure 2-2. Evernden and Kistler (1970) 
determined K-Ar ages for this rocktype to be from 91.7 m.y. 
to 94.3 m.y. for biotite and 99.6 m.y. for hornblende.
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Figure 2-4 shows a photomicrograph of a thin section cut 
from a boulder collected near the Mokelumne River buckled slab 
site. A large quartz grain dominates the upper half of the
Figure 2-4. Photomicrograph of Kcl thin section cut 
perpendicular to sheeting plane. Plane 
polarized light. Width of photo is 2.5 mm.
photo with plagioclase and biotite seen in the lower right and 
left corners respectively. The photo was taken from a thin 
section cut perpendicular to the plane of sheet fracturing. 
The microcrack seen cutting across and along grain boundaries 
in the photo is parallel to the sheeting plane. Other 
microfractures were observed primarily within quartz grains.
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Tuolumne Geology
Underlying the Yosemite region are different granitic 
rocks emplaced separately as plutons which solidified from 
magma generated deep in the earth's crust. Subsequent to 
pluton emplacement in the Late Cretaceous, as much as 10 km 
of rock was eroded to reveal the present ground surface. The 
bulk of this erosion occurred by the end of early Eocene time 
(55 m.y.a.) with later, less significant erosional periods 
occurring during uplift of the Sierra Nevada in early to mid 
Pliocene time and during Pleistocene glaciations (Bateman and 
Wahrhaftig, 1966).
The Tuolumne Intrusive Suite is comprised of formations 
nested one within the other. The oldest rocks which are 
darker in color and finer grained, occur along the margins, 
with younger, lighter colored, coarse grained porphyritic 
rocks occurring progressively inward toward the core of the 
suite. All rocks of the suite were derived from a common 
parent source magma and were emplaced, according to isotopic 
age determinations, about 87 m.y. ago (Bateman et al, 1983).
A distribution of bedrock geology over the Tuolumne study 
area is shown in Figure 2-5. The three principal rocktypes 
in the area are the equigranular and porphyritic facies of 
Half Dome Granodiorite and porphyritic Cathedral Peak 
Granodiorite. Following is a description of the units shown 
in Figure 2-5 (Bateman et al, 1983):
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Based on USGS Tuolumne Meadows, Calif. 15’ Quad.
1875 1250 625 0m 1250m 1 mile
CONTOUR INTERVAL 80 FEET
Figure 2 5. Distribution of bedrock geology over the 
Tuolumne study area (after Bateman et al, 1983)
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Kcp, Cathedral Peak Granodiorite —  Medium to 
coarse-grained hornblende-biotite granodiorite 
containing blocky megacrysts of potassium 
feldspar 2 cm to 5 cm across. Megacrysts are 
largest and most abundant near margins of the 
body. Grain size statistics from sample 
boulder are: n = 200, upper size limit (K- 
spar) = 40.6 mm, lower size limit (biotite- 
hornblende) = 0.3 mm, avg. = 5.4 mm, STD — 4.4 
mm.
Khdp, Porphyritic facies of Half Dome
Granodiorite —  Medium-grained porphyritic 
hornblende-biotite granodiorite. Abundance of 
K-spar megacrysts increases eastward toward 
contact with Cathedral Peak Granodiorite. In 
the vicinity of Pywiack and Polly Domes, the 
contact is gradational.
Khd, Equigranular facies of Half Dome
Granodiorite -- Medium-grained equigranular 
granodiorite. Grain size statistics from 
sample collected near the west end of Tenaya 
Lake are: n = 200, upper size limit 
(feldspar) = 7.6 mm, lower size limit 
(biotite) = 0.5 mm, avg. = 4.9 mm, STD = 16.2 
mm.
Kga, Tonalite of Glen Aulin —  Dark-colored, 
medium-grained granodiorite.
Kh, Granodiorite of Mount Hoffman -- Coarse­
grained, locally porphyritic biotite 
granodiorite and granite. Rb-Sr whole-rock 
age: 98+4 m.y.
pKcs, Calc-silicate hornfels, quartzite, and 
schist.
pKg, Massive quartzite.
During the Tuolumne field phase of this study, data were 
gathered exclusively in Cathedral Peak Granodiorite and both 
facies of Half Dome Granodiorite. Photomicrographs taken of
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thin sections cut perpendicular to the plane of sheet 
fracturing of equigranular Half Dome Granodiorite and 
Cathedral Peak Granodiorite (Figures 2-6 and 2-7) reveal 
microfractures subparallel and parallel to the sheeting plane. 
These microcracks are typically seen within quartz grains 
(Figure 2-7) but also traverse grain boundaries with 
plagioclase. Other minerals shown in the photos include 
biotite and plagioclase.
The granitic terrain of Tuolumne Meadows exhibits many 
interesting structural features. Most striking is the 
formation of granodiorite dome structures. As did other 
authors (Gilbert, 1904; Matthes, 1930), it was observed that 
dome shapes occur only in massive, relatively unjointed rock. 
Sheet structures on domes are characterized by quaquaversally 
dipping sheet surfaces. Broad, arcuate tensile rock failures 
can be seen on both shallow and steep flanks of some domes. 
Where the rock is jointed, as with Polly Dome, a ' chopped-up1 
blocky morphology exists.
A variety of jointing can be seen on Polly Dome in 
addition to the ubiquitous stress-relief sheet structures. 
Figure 2-8 represents a polar stereonet showing a plot of 
poles to joints excluding orientations of sheet fractures. 
The cluster of poles dipping shallowly to the southeast are 
pervasive joints near the summit of Polly Dome which form huge 
summit blocks bounded by other vertical joints. Rectangular 
blocks formed by orthogonal jointing can also be seen on Polly
1
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Figure 2-6. Photomicrograph of Khd thin section cut
perpendicular to sheeting plane. Crossed nicols. 
Width of photo is 2.5 mm.
Figure 2-7. Photomicrograph of Kcp thin section cut
perpendicular to sheeting plane. Plane polarized 
light. Width of photo is 2.5 mm.
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Figure 2-8. Polar stereonet showing orientations of poles to 
joint planes excluding those of sheet fractures. 
Circular poles are Polly Dome joints and 
triangular poles are Medlicott Dome joints.
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Dome (Figure 2-9). Most common, though, are large, regional 
extensional joints. The joints are continuous and pervasive 
with many extending hundreds of meters in length. Often 
weathering is shown to have widened and deepened these 
structures leaving vertical, finely-jointed granodiorite at 
the weathered joint bottom. Spacing of the joints varies from 
a few centimeters to several tens of meters in the Polly Dome 
area with spacing increasing in the more massive rock of the 
Medlicott Dome area. Joint width varies from a few 
millimeters to between 1 and 2 meters (Figure 2-10). Most of 
the joints are steeply dipping (typically > 80°) and strike 
subparallel to each other in a northeast to southwest 
direction (Figure 2-8). Bateman and Wahrhaftig (1966) noted 
that the regional jointing occurs mainly in the eastern Sierra 
and commonly crosses boundaries between plutons. They cite 
evidence where Miocene andesite has intruded into one of the 
joints indicating they are at least pre-Miocene in age.
QUATERNARY GEOLOGY
During the Quaternary, geomorphological processes shaped 
the Sierra producing the landforms that we see today. 
Weathering and glaciation are the most significant processes 
that have effected erosion of the granitic rock masses. The 
importance of existing topography in the distribution of 
stresses within a rockmass necessitates a brief discussion of
Figure 2-10. Steeply dipping regional 






the types of processes that made the present-day lay of the 
land.
Glacial Processes
Glacial erosion of bedrock can be generalized into three 
categories: 1) subglacial bedrock failure; 2) subglacial wear, 
and; 3) subglacial water activity. The massive nature of the 
granitic terrain of Mokelumne and Yosemite suggests subglacial 
bedrock failure (crushing and plucking) and subglacial wear 
(abrasion) were the most significant erosional processes in 
terms of the amount of rock removed.
The process of crushing and plucking of bedrock is 
complex. It involves the properties and stress distributions 
of the underlying rockmass as well as the thickness, 
morphology, flow velocity, and thermodynamics of the 
overriding glacier (Drewry, 1986). As estimated by Bateman 
et al (1983), the Tuolumne Region was underlying as much as 
300 meters of ice during Pleistocene glaciations. Assuming 
a unit weight of ice of 9400 N/m3, an average maximum normal 
stress of 2.8 MPa would have been applied to the Tuolumne 
bedrock. Typical compressive strengths of granodiorite can 
exceed this normal stress by as much as 3 0 to 7 0 times. 
Nevertheless, under certain localized conditions of stress and 
rock strength, crushing of bedrock by a glacial load could
have occurred.
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Figure 2-11 illustrates potential changes in normal 
stress concentrations imposed by an ice load on an undulating 
bedrock surface. The transmitted normal stress increases on
Figure 2-11. Distribution of normal stress from sliding 
glacial load over bed undulation, (after 
Boulton, 1974).
increases on the stoss face of the hump. Additional 
concentrations in bedrock stress may result from point-load 
contact of irregular clast edges and surfaces as basal rock 
fragments move over the bedrock surface. Moreover, the 
strength of portions of bedrock may be reduced by cyclical 
loading from repeated passage of basal clasts.
When the stress in the bedrock is exceeded by its 
strength, failure will usually occur. Where confining
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stresses are less significant, say, at the top of a bedrock 
hummock or where there is favorable jointing, failure would 
occur by the coalescence of microfractures to produce 
longitudinal splitting of the rock. More typically, 
especially in the Mokelumne and Tuolumne regions, higher 
confining pressures would result in failure by repeated 
loading from the passage of basal clasts. A complex of 
interlocking shear fractures would progressively develop and 
eventually define a macroscopic shear zone of weakness along 
which failure would occur (Drewry, 1986) . The glacier could 
then remove and entrain the rock to cause further erosion of 
bedrock downglacier (Figure 2-12).
Figure 2-12. Failure of subglacial bed undulation from basal 
clast, a) coalescence of fractures to form 
macroscopic shear zone b) removal (plucking) of 
weakened rock (after Drewry, 1986)."
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The presence of polished and striated rock in the high 
Sierra indicates glacial abrasion was a major agent of erosion 
in the geologic past. This erosive mechanism can be described 
as the plowing of grooves in bedrock by the rough, angular 
edges of clasts lodged in sliding basal ice. The result is 
gradual wear of the bedrock surface and the production of rock 
fragments and rock flour.
Drewry (1986) presents a simple model of abrasion by rock 
particles in sliding basal ice. The model is based on the 
consideration of a typical eroding clast as a conical cutting 
tool (Figure 2-13). Assuming the clast is of a significantly 
harder material than the bedrock and that the clast remains
undamaged during sliding, the abrasive wear rate (in units of 
vol./time) may be estimated as:
W*
Figure 2-13. Abrasion by plowing of a single conical 
asperity (after Drewry, 1986).
Ah = (2 cot 0a/7r) (W*/ay)Up
2 3
where 0a = half angle of asperity tip, W = load, cry = un­
confined compressive strength of bedrock, and Up = velocity 
of the ice. One can see, therefore, that the volume of wear 
debris is proportional to load and distance travelled and 
inversely proportional to the unconfined compressive strength 
or hardness of the abraded material.
The process of abrasion is not smooth and continuous but 
is comprised of jerky steps, involving the buildup and sudden 
release of strain energy analogous to the phenomenon of stick- 
slip along active geologic faults. Other complications to the 
simple model include changes in the effective cutting diameter 
of the asperity due to debris buildup and the variation in 
hardness and degree of wear of the abrading asperities.
Weathering Processes
Physical and chemical weathering of granitic rock has 
been and continues to be an important geomorphological agent 
in the Sierra Nevada. For significant chemical weathering of 
Sierra Nevada granodiorite to occur, the rockmass must be in 
a continuously moist condition. Chemical weathering then 
typically results from the expansion of hydrated biotite 
(Wabrhaftig, 1965). Thin section studies by Krank and Watters 
(1983), revealed that the expansion of biotite produces radial 
microfractures in the surrounding mineral grains. The result
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is increased permeability of the rock with subsequent chemical 
weathering of constituent minerals and a progressive breakdown 
of the rock to a sand-sized soil.
In the Mokelumne and Tuolumne study areas, weathering 
likely takes place by the expansion of biotite in the bottom 
of drainages, ponds, or lakes. Generally, granodiorite domes 
are composed of fresh, relatively unweathered rock, due to the 
free draining of annual precipitation via surface, joint, and 
sheet fracture controlled flow. Krank and Watters (1983) 
suggest areas of the Sierra Nevada which experience high 
freeze-thaw cycles probably have frost action as the principal 
physical weathering mechanism. Rain and snowmelt water seeps 
into joints and fractures during the day and freezes at night. 
Expansion of the joint during ice formation can lead to a 
jacking effect and subsequent failure by rockfall. The author 
witnessed a suspected frost action-induced tumbling of a large 
granodiorite block one morning near the east end of Tenaya 
Lake in Yosemite Park.
Pleistocene Glaciations
During the Quaternary, the Sierra Nevada mountain range, 
as with other alpine and arctic regions throughout the world, 
experienced repeated glaciations. These glaciations were not 
characterized by continuous ice sheets that covered the entire 
mountain range but rather represented the filling in of
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different basins separated by thin aretes and connected only 
by passes (Bateman and Wahrhaftig, 1966).
Essentially, the glaciations modified what was a 
previously dissected landscape. Common erosional features 
left by the glaciers are broad cirques, U-shaped passes such 
as Donner and Tioga, and deep, U-shaped valleys such as 
Yosemite. Bateman and Wahrhaftig (1966) noted that some 
valleys remarkably retained their V-shaped profile, as, for 
example, the deep Grand Canyon of the Tuolumne, which was 
repeatedly glaciated by ice as thick as 1200 meters. They 
further hypothesized that the sheet fractured steep walls of 
the Grand Canyon of the Tuolumne precluded crushing and 
plucking, which is the principal mechanism of the formation 
of U-shaped valleys.
Matthes (1930) established three glacial stages on the 
west side of the Sierra around Yosemite Valley. In another 
classic work, Blackwelder (1931) established and named four 
glacial stages for the east side of the Sierra. They are, 
from youngest to oldest, the Tioga, Tahoe, Sherwin, and McGee. 
Though Blackwelder and Matthes were aware of each other's 
work, they were never able to arrive at a mutually 
satisfactory correlation between their respective glacial 
stages. Two new Pleistocene glaciarions, the Tenaya and the 
Mono Basin, which occurred between the Tioga and Tahoe and 
between the Tahoe and Sherwin respectively, were later added 
to Blackwelder1s chronology by Sharp and Birman (1963). The
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major glacial stages and suggested correlations with 
continental glaciations are presented in Table 2-1.
During the height of Wisconsin glaciation about 18,000 
years ago, the Tuolumne area was buried under the immense 
Tuolumne Ice Field (Bateman et al, 1983) . The ice mainly 
flowed generally westward along the tributaries to the Merced 
and Tuolumne Rivers. East of the Sierra Divide, the ice 
flowed southeastward down Lee Vining Creek. Sharp and Birman 
(1963), during a reconnaissance mission in Lee Vining Creek 
found evidence of a Wisconsin glaciation intermediate between 
the Tioga and Tahoe which they subsequently named the Tenaya.
TABLE 2-1
Blackwelder's classic sequence of four Pleistocene 
glaciations for the Sierra Nevada including two 
additions by Sharp and Birman (from Sharp 
and Birman, 1963, Table 1).
Suggested
correlation with Blackwelder












The Tuolumne Ice Field finally retreated about 10,000 years 
ago (Bateman et al, 1983) which would correspond to the end 
of the Tioga glaciation of Blackwelder.
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CHAPTER 3 —  LABORATORY TESTING
Essential to the examination of the engineering behavior 
of rock on a relatively large scale is the determination in 
the lab of physical and mechanical properties of 
representative samples. In-situ field investigations in rock 
are capable of yielding more accurate results but are often 
impossible or involve prohibitive expense and logistics.
For this study, representative samples of each of three 
Sierra Nevada granodiorites were collected in the field for 
laboratory studies. Three test procedures were used to obtain 
the reguired physical and mechanical properties of the 
Mokelumne (Kcl) and Tuolumne granodiorites (Khd and Kcp) 
involved in analyses presented later in this study. The 
indirect determination of tensile strength by the Brazilian 
method yielded estimates of uniaxial tensile strength for the 
three rocktypes. Uniaxial compressive tests produced 
compressive strength values as well as values of Young's 
modulus and Poisson's ratio. For calculations involving a 
weight component, rock unit weight was determined using the 
volume displacement method.
All tests were conducted at the rock mechanics laboratory 
facilities of the University of Nevada at Reno. Tensile and 
compressive tests as well as rock unit weight determination 
were conducted as closely as possible in accordance with 
either ASTM or ISRM standard procedures.
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TENSILE STRENGTH
Theoretical Principles of the Brazilian Method
The basis for the definition of tensile strength of rock 
is the direct uniaxial tensile test. This test is often 
impractical because of difficulties in sample and test 
preparation. These difficulties have led to the utilization 
of a number of different indirect test methods for determining 
the tensile strength of rock. The most popular indirect 
method is known as the Brazilian test and involves the 
compression of rock discs, usually with thickness less than 
diameter, between platens of a compression testing machine. 
The main advantage of the test is in the simplicity and ease 
of both sample preparation and test procedure, allowing for 
practicality in performing a large number of tests.
The Brazil test is capable of yielding good values for 
the estimate of uniaxial tensile strength for Griffith 
materials. This was demonstrated by Mellor and Hawkes (1971) 
who obtained a nearly 1:1 correlation between direct uniaxial 
and Brazilian test tensile strength values for samples of 
Indiana Limestone and Barre Granite.
The Brazil test, though designed to give estimates of 
uniaxial tensile strength, produces failure in a biaxial 
stress field. If one assumes the material to be isotropic, 
homogeneous, and linearly elastic, then the complete stress
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solution along the diameter of the disc with a load 
distributed over a finite arc (Figure 3-1) is given by Hondros 
(1959) as:
p [ 1 - (r/R)2 ]sin 2a
7rRta 1-2(r/R)2 cos 2a + (r/R)4
1+(r/R)2




[1 - (r/R)2 ]sin 2a 





where P is the applied load, R is the disc radius, t is the 
disc thickness, 2a is the angular distance over which P is 
assumed to be radially distributed, and r is the distance from 
the center of the disc.
Figure 3-1 represents a plot of Hondros' solution as it 
relates to Brazil tests conducted on three Mokelumne and 
Tuolumne granodiorites. A value of a = 2.8° was obtained from 
the average width of cardboard cushion indentations produced 
from twenty Brazil tests conducted on the three granodiorites, 
Kcl, Khd, and Kcp.
According to the Griffith criterion, the exact center of 
the disc is the only point at which tensile failure occurs at 
a value equal to the uniaxial tensile strength (Mellor and 
Hawkes, 1971). At this point, r/R equals zero and the major 
principal stress, ar (positive), is at minimum compression 
(Figure 3-1), while the minor principal stress, oQ (negative),
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Figure 3-1. Plot of solution for stress along loading
diameter for Brazil tests done for this study. 
Tension is negative (after Mellor and Hawkes, 
1971; based on Hondros, 1959) .
|
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is at maximum tension. It is assumed, therefore, that tensile
failure of the granodiorite discs initiated at their centers, 
where Hondros' complete stress solution reduces to:
The above approximation for oQ is used to compute tensile 
strengths using the Brazil method. No more than a 2% error 
is introduced by the approximation when 2a < 15°.
Tensile Test Procedure
Tensile testing by the Brazilian method was performed on 
20 to 24 mm thick discs cut from NX size (54 mm diameter) 
cores of samples of Granodiorite of Caples Lake (Kcl), Half 
Dome Granodiorite (Khd), and Cathedral Peak Granodiorite 
(Kcp). All samples collected in the field represented sheet 
fractured rock segments 20 to 30 cm in thickness and large 
enough to yield several cores for both tensile and uniaxial 
compressive testing. Sampling of sheets allowed for 
orientation of cores with respect to the plane of sheet 
fracturing. Complete in-situ orientation of cores could not
a +
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be achieved, however, as all samples originated as unweathered 
float or blast rock produced from the construction of State 
Highway 120 through Tuolumne Meadows.
Rock cores oriented perpendicular to the plane of sheet 
fracturing produced tensile strength values for directions 
parallel to the sheeting plane while cores oriented parallel 
to the plane of sheet fracturing yielded strength values 
perpendicular to the sheeting plane. The need for tensile 
strength values in the two directions is dictated by failure 
mechanisms exhibited in the field by the three types of 
granodiorite. Where buckling failure occurred, analysis of 
tensile stress-strength relationships parallel to the plane 
of sheeting is required. Analyses of sheet fracture 
initiation and propagation require estimates of rock tensile 
strength perpendicular to the sheet fracture plane.
Figure 3-2a illustrates the load configuration of the 
Brazilian test. In every case, axial splitting occurred as 
the failure mode with minor fracture branching occurring near 
the platen contacts (Figure 3-2b).
Table 3-1 presents a summary of results which indicate 
close agreement in tensile strengths for all three 
granodiorites with test averages close to 3.3 MPa. An 
exception is a tensile strength of 1.6 MPa given for Khd 
perpendicular to sheeting. The presence of microfractures 
preferentially oriented parallel to the sheeting plane may 
account for the relative tensile weakness of the rock in this
40
direction. Specific Brazil test results can be seen in 
Appendix A, Figures A—1 through A—4 .
Figure 3-2. The Brazil test, a) rock disc loaded in 
compression; b) typical failure mode.
TABLE 3-1
Results of tensile strength testing by the Brazilian method, 
(Strength orientation is the direction of strength with 











TTNTAXIAL COMPRESSIVE STRENGTH AND DEFORMABILITY 
Test Preparation and Procedure
The preparation of granodiorite specimens began with the 
sawing of field samples into rectangular blocks for ease of 
coring. Each granodiorite block had sides parallel and 
orthogonal to the plane of sheet fracturing. Three 12 to 15 
cm long NX cores (54 mm diameter), one perpendicular and two 
mutually orthogonal and parallel to the sheeting plane, were 
cored using a core barrel mounted on a large manual feed drill 
press.
A total of nine cores were prepared —  three for each of 
Cathedral Peak, Half Dome, and Caples Lake granodiorites. 
Final rock preparation involved the sawing of the cores to an 
approximately 2:1 length to diameter ratio. Surfacing of core 
ends utilizing a precision grinder assured maximum 
perpendicularity of the end planes to the core axis and 
produced flat, smooth end surfaces.
Uniaxial compressive testing was performed using a 
100,000 lb. test frame built by MTS Systems in conjunction 
with acoustic emissions hardware by Acoustic Emissions 
Technology (Figure 3-3). A sample was placed between two 
steel spacers and attached with lateral and axial 
extensometers (Figure 3-4). One of the spacers was 
spherically seated to allow for an evenly distributed load on
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Figure 3-3. Photo showing test frame (right), control 
console (center), and acoustic emissions 
hardware (left center and left).
Extensorrmter
Frpnt View Side View
Figure 3 4. Cylindrical specimen with attached direct- 
contact extensometers.
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the specimen. The axial and circumferential extensometers 
measured strain in the specimen from changes in voltage 
resulting from displacement. An acoustic emissions sensing 
device was also attached to the specimen to monitor 
microseismic activity during loading.
Loading of specimens during a compression test was servo 
displacement controlled, proceeding at a preset rate of 8 x 
10’5 cm/sec. At this rate, total failure of a specimen 
typically occurred within ten minutes. During loading, stress 
versus axial and circumferential strain information from the 
extensometers was recorded on a chart by an x-y plotter. 
Additionally, acoustic emission events picked up by the sensor 
and exceeding a given threshold amplitude were processed into 
various data files and stored on diskette for later analysis.
The Stress-Strain Curve
Strength and deformational characteristics of a given 
rock are governed by its properties, the way in which the 
cores were prepared, and the test apparatus and procedure 
employed. The most common method used to study the mechanical 
behavior of rock is the uniaxial compression of rock cylinders 
of lengths two to three times their diameters. Rocks tested 
in uniaxial compression are said to be elastic if their 
stress-strain plots, prior to failure, can generally be 
described by the linear relation:
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a = Ee
where the constant E is called Young's modulus. The theory 
of elasticity is based on the assumption that this relation 
holds accurate.
The theory of elasticity is a two-constant theory and 
for the complete specification of a material, its Poisson's 
ratio must be known. Poisson's ratio is:
v  = - e2/e1
where e2 and e1 are the lateral and axial strains respectively. 
For this study, calculation of Young's modulus and Poisson's 
ratio was done using the secant method. This method 
calculates Young's modulus by dividing the value of stress by 
axial strain at the point on the curve defining elastic 
behavior at one half the compressive strength (Figure 3-5) . 
Poisson's ratio is then calculated by dividing the lateral 
strain by the axial strain, each corresponding to a stress 
level at one half the specimen's compressive strength.
Specific elastic behavior of Sierra Nevada granodiorite 
is best illustrated by a typical example. Figure 3-5 shows 
axial and lateral stress-strain plots for Kcl-3 which indicate 
elastic behavior representative of the nine granodiorite 
samples tested. The axial stress-strain curve is divided into 








Figure 3-5. Stress-strain plot for specimen Kcl-3. Shown
are regions of deformation and secant method of 
calculating elastic constants.
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linear region, AB; 3) a concave downward region, BC, and; 4) 
a falling off region from peak stress at C to point D.
In the first two regions, OA and AB, deformation is 
nearly elastic. Loading and unloading in these two regions 
would not result in irreversible changes in the structure or 
properties of the rock. At point B, called the yield point, 
a transition from elastic to ductile behavior takes place. 
From B to C is the region where the rock sustains permanent 
deformation while retaining the ability to resist load. From 
the peak uniaxial compressive strength at C to point D, the 
rock is in a failure deformational mode as is shown by its 
decreasing ability to resist load with increasing deformation.
The lateral stress-strain curve initially shows zero 
strain during the closure of microcracks. Following crack 
closure, the curve exhibits linear deformation until a stress 
is reached during the test where microfracturing is initiated. 
From this stress value until failure, the slope of the curve 
continually decreases. This behavior reflects the progressive 
dilation of the sample as a result of microfracture 
propagation and coalescence.
The other eight stress-strain plots show similar behavior 
(see Appendix A, Figures A-5 to A-12). An exception is given 
by Kcl-1 (Figure A-5), where the test frame had reached 
maximum load for the 60 kip load cartridge. A few seconds 




A useful tool in characterizing the mechanical behavior 
of a rock cylinder loaded in compression is the examination 
of its changes in volume with increasing load. Volumetric 
strain is defined as the change in volume of the specimen per 
unit volume, or, AV/V. If the strains are less than several 
percent, then the volumetric strain can be approximated by the 
sum of the three normal strains:
£ v —  ^axial ‘̂ lateral
where, by the convention used in this study, contractive 
strain (axial) is positive and expansive strain (lateral) is 
negative.
Brace et al (1966) initially propounded the division of 
the stress-volumetric strain curve into major deformational 
stages. Other researchers (Bieniawski, 1967; and Bordia, 
1972) later identified the stages for different rocktypes on 
the basis of extensive laboratory studies.
Figure 3-6 illustrates these stages of deformation for 
Kcl-3. Initial deformation corresponding to stage one 
represents the closure of microcracks already present in the 
specimen. This is followed by a period of elastic deformation 
characterizing stage two. At about one third to one half the 








Figure 3-6. Stress-volumetric strain curve for Kcl-3.
Identified are the four major stages of 
deformation.
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to extend. Subsequent to this fracture initiation is stable 
fracture propagation, that is, crack extension that can be 
controlled by loading. Stable fracture propagation is the 
third stage and is marked by the departure from linearity of 
both the stress-lateral and stress-volumetric strain curves. 
The fourth deformational stage is characterized by a negative 
slope of the curve which results from a significant increase 
in lateral strain with respect to compression. In this stage, 
fracture propagation is not controllable by load only, as it 
is additionally governed by specimen shape, machine stiffness, 
and platen contacts (Bieniawski, 1967). Eventually lateral 
strains exceed axial strain resulting in negative volumetric 
strain. This represents a condition where the volume of the 
specimen has exceeded its original volume.
Acoustic Emissions
Originally, acoustic emissions studies were to be 
conducted for the purpose of detecting a Kaiser effect in the 
acoustic emissions signatures. The Kaiser effect is a 
distinctive jump in the number of events at a point during 
loading that corresponds to a peak stress experienced by the 
rock in the past. It was therefore hoped that acoustic 
emissions studies could provide additional estimates of the 
near surface in-situ stresses at Mokelumne River and Tuolumne 
Meadows. No Kaiser effect, however, was observed for any of
the nine granodiorite specimens tested in uniaxial 
compression.
Acoustic emissions data did reveal interesting
information concerning the correspondence of events with 
fracturing during loading. Figure 3-7 represents a plot of 
axial strain versus number of events for specimen Kcl-3. 
Events exceeding the amplitude threshold do not appear on the 
plot until a stress of 84 MPa is reached. This corresponds 
with the beginning of deformation stage 4, unstable fracture 
propagation. The number of events recorded as loading
proceeded increases exponentially, peaks at a stress of 130 
MPa, then drops suddenly before a second peak is recorded at 
a stress level of 137 MPa.
The AE signature can be explained by an increase in 
unstable fracture propagation beginning at a stress level of 
84 MPA, followed by the occurrence of axial fracture 
coalescence at 130 MPa. The second events peak at 137 MPa 
corresponds with strength failure. These events resulted from 
forking and shearing of fracture surfaces as well as the 
shattering of mineral grains (Chuck, 1990).
All samples tested shewed acoustic activity in the early 
stages of loading corresponding to the closure of microcracks .- 
In addition, acoustic activity was seen just prior to unstable 
fracture propagation. Most of these events, however, were 
either of insufficient amplitude to be registered by the AE 
elctronics, or were too few to show up at the given scale.
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SAMPLE KCL-03 TEST 1
Figure 3-7. Acoustic emissions signature recorded during 
compression test of Kcl-3.
Strength Failure
The maximum level of stress that a rock core can sustain 
in uniaxial compression is a characteristic property of the 
rock called uniaxial compressive strength. At this stress 
value, given as a = CQ in Figure 3-5, strength failure occurs,
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the slope of the stress-strain curve changes its sign, and 
there is a transition from ductile deformation to post- 
compressive strength failure.
Mechanisms associated with strength failure are discussed 
by Bieniawski (1967). Unstable fracture propagation occurring 
prior to failure starts with low crack velocity. As loading 
increases, higher strain energy leads to faster crack 
propagation. Strength failure occurs at the instant terminal 
fracture velocity is reached. Bieniawski adds that because 
fracture velocity and therefore the release of kinetic energy 
have reached a constant value, the fracture tends to dissipate 
additional energy by increasing its surface area through 
bifurcation and branching.
Post-strength failure behavior in uniaxial compression 
depends largely on machine stiffness. Indeed if a test frame 
is not stiff enough, no post-strength failure behavior will 
be observed. In this case, the buildup of strain energy 
within the relatively soft test frame will cause strength 
failure by rupture, that is, the disintegration of the sample 
into two or more pieces. If the test machine is stiff enough, 
crack coalescence and forking of the now discontinuous rock 
structure proceeds as deformation increases and stress 
decreases. Even though at this point the sample has 
experienced extensive damage, it still retains a certain 




Each of the nine granodiorite specimens tested in 
uniaxial compression were loaded until rupture which typically 
occurred shortly after the specimen reached its uniaxial 
compressive strength. The resulting fracture modes can be 
seen in Figures 3-8 and 3-9. The failed samples exhibited
Figure 3-8. Failed specimens of Granodiorite of Caples Lake.
fracture modes characterized by combinations of longitudinal 
wedges as well as shear and conical-shaped 
According to Jaeger and Cook (1979), these 
fracture modes are associated with end effects only. True 
longitudinal splitting, they add, is only attainable when the
splits and 
fractures.
igure 3-9. Failed cores of Tuolumne Meadows granodiorites 
a) Half Dome Granodiorite; b) Cathedral Peak 
Granodiorite. Each photo shows, from left to 
right, specimens 1 , 2 , and 3.
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sample is loaded in a very stiff test frame. Moreover, the 
sample must be tested utilizing metal end pieces of the same 
diameter, Young's modulus, and Poisson's ratio as the rock 
specimens.
Test Results
A summary of results for the nine uniaxial compressive 
tests is given in Table 3-2 (for detailed results, see 
Appendix A, Figures A-13 to A-15). Noteworthy are the higher 
values of compressive strength and Young's moduli for the 
Mokelumne River granodiorite. Overall compressive strengths 
are similar for the two Tuolumne Meadows granodiorites. Each 
of these two granodiorites show compressive strengths of cores 
oriented parallel to the plane of sheet fracturing that are 
lower and values of Poisson's ratios that are higher than 
those with perpendicular orientations. These tendencies could 
be explained in terms of greater dilarion resulting from the 
propagation of preferentially aligned microfractures parallel 
to the sheeting plane. The test results for Granodiorite of 
Caples Lake, however, do not support this hypothesis. 
Furthermore, any conclusions concerning anisotropy of strength 
and deformational behavior of a granitic rock can only be made 
after compressive testing of many cores in conjunction with 




Unconfined compressive strength and deformability 
results from uniaxial compressive tests.
(Core orientation is axis with respect 











Kcl-1 Perpendicular 121.62 41.45 0.15
Kcl-2 Parallel 146.11 49.26 0.21
Kcl-3 Parallel 137.39 40.80 0.16
Khd-1 Perpendicular 105.09 24.25 0.19
Khd-2 Parallel 80.18 20.73 —
Khd-3 Parallel 99.81 24.54 0.35
Kcp-1 Perpendicular 100.35 22.63 0.29
Kcp-2 Parallel 98.87 36.17 0.34
Kcp-3 Parallel 93.94 24.08 0.32
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CHAPTER 4 —  ORIGINS OF STRESS AND STRAIN ENERGY
In the Tuolumne Meadows region and other areas of the 
central Sierra Nevada mountains, high differential stress 
dominated by compression parallel to the rock surface is made 
evident by the presence of stress relief fractures and buckled 
surface granodiorite sheets. Before examining these
mechanisms of rock failure, it is necessary to understand the 
past and present stress regimes responsible for their 
existence. The intent of this chapter, therefore, is to 
examine elastic stress-strain relationships and their origins 
which are considered responsible for the current state of 
stress in the sheeted granodiorite of Tuolumne Meadows and 
Mokelumne River.
ORIGINS OF HIGH NEAR-SURFACE STRESS 
Tectonic Stress
For this study, tectonic stress is considered to be 
stress applied to the boundaries of a geologic body on a 
scale of tens to hundreds of kilometers. In the central 
Sierra, the possible tectonic stress influences are primarily 
the strike-slip boundary between the Pacific and North 
American Plates to the west and regional extension 
characterized by the Basin and Range province to the east.
58
Earlier workers concluded that the Sierra Nevada crustal 
block has been relatively unaffected by surrounding structural 
dislocations. Detailed mapping across the central Sierra by 
Bateman et al (1963) revealed unfaulted contacts between 
granitic plutons and scattered metamorphic bodies. Hamilton 
and Meyers (1966) noted that a lack of mapped internal 
faulting suggests the Sierra has remained immune to 
deformation in tectonic reconstructions.
In a more recent study, Lockwood and Moore (1979) 
concluded from studies of conjugate strike-slip microfault 
sets in granitic rocks that the eastern Sierra has indeed 
experienced an extension on the order of 2.3% in a N 61° W 
direction. The westward plunging of slickensides places a 
minimum age of Late Tertiary to the strike-slip deformation.
The question of the extent to which regional tectonic 
stresses currently affect stress magnitudes and directions 
within Sierra granitic rock remains open. In light of the 
stronger potential for the existing stresses to originate from 
other sources, it is assumed contributions to stress that are 
tectonic in nature are relatively minor.
Topographical Effects
Just beneath a horizontal ground surface, it is generally 
safe to assume that the principal stresses act in a vertical 
and horizontal direction. This assumption becomes invalid
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when considering stress distributions in hilly terrain. The 
lack of normal and shear stresses at the ground surface 
results in a tendency for near-surface principal stress 
trajectories to parallel topography in mountainous regions 
(Goodman, 1980). In addition, a strong anisotropy of 
principal stress magnitudes develops beneath the slope surface 
(Figure 4-1). In a general sense, this anisotropy becomes 
greater downslope due to the effects of gravitational loading. 
Beneath the notch of a V-shaped valley, the in-situ stresses 
are very high, in some cases, close to the strength of the 
rock. Stress anisotropy also varies according to
Figure 4-1. The influence of topography on in-situ 
stresses (after Goodman, 1980) .
irregularities of the slope. The stresses are reduced where 
the slope is locally convex upward. Where local slope 




In his study of sheet structure, Holzhausen (1989) 
utilized thermoelastic principles to determine that thermal 
stresses induced by temperature fluctuations can be 
significant near the surface of granitic rock. Following is 
a condensed version of his analysis.
Consider a rockmass as a semi-infinite solid whose flat 
horizontal surface lies in an X-Y plane. The rockmass is 
isotropic and homogeneous with respect to thermal and elastic 
properties. Assume further that the rockmass is confined 
laterally and so is unable to deform in a horizontal 
direction. If temperature changes occur uniformly and the 
temperature is the same anywhere at any instant on the surface 
of the rock, then heat flux will occur in a vertical direction 
only. The normal stresses, axx and parallel to the ground 
surface at a depth z are then given by:
aET
a xx CTyy = 1—V
where a is the coefficient of thermal expansion and T is the 
temperature fluctuation.
Penetration of surface heat into the rockmass as surface 
temperatures fluctuate is represented by a sinusoidal function 
of time. Thus, for a given cycle of period P, maximum near­
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surface compressive and tensile stresses correspond with 
maximum heating and cooling at t = P/4 and t = 3P/4 during the 
temperature cycle. Holzhausen further notes that the 
amplitude of the surface temperature wave propagating downward 
into the rock rapidly decreases exponentially with depth. The 
result is a 40, 60, and 80 percent reduction in the maximum 
value of T at depths of 10, 20, and 30 cm respectively for a 
period of one day. The yearly cycle is characterized by a 
much deeper penetration of the temperature wave. At a depth 
of one meter, for example, only a 20 percent reduction in the 
maximum value of T occurs.
Using an average coefficient of thermal expansion value 
for granites and rhyolites of 8.0 x 10'6 T'1 (Skinner, 1966) 
and elastic constants from this study, horizontal thermal 
stress fluctuations can be estimated for Half Dome 
Granodiorite. For a maximum surface fluctuation of ±15°C 
about the mean daily surface temperature, the stress changes 
about their mean stress values at depths of 0, 10, 20, and 30 
cm will be ±4.18, ±2.51, ±1.67, and ±0.84 megapascals 
respectively. Given a yearly fluctuation of ±20°C about the 
mean surface temperature, the stress fluctuations about their 
mean values will be ±5.57 MPa at the rock surface and ±4.46 
MPa at a depth of one meter. Note that the choice of surface 
temperature variation T for a given period significantly 
affects the calculation of thermal stress variation. 
Nevertheless, it is evident that thermally-induced stresses
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are a major component of the total in-situ stress at or very 
near the Tuolumne rock surface.
Erosional Unloading
Many workers have suggested that the removal of 
superincumbent load through erosion is a primary natural agent 
responsible for high near-surface differential stresses and 
sheet structure. Total in-situ stress determinations from 
this study and of Cadman (1969) are much too high to be 
accountable by temperature effects alone. Moreover,
temperature effects are insignificant at depths of one meter 
or more and sheet fractures are present at Tuolumne Meadows 
to depths of eight meters. A discussion of erosional 
unloading as a possible source of these stresses is therefore 
warranted.
It has been speculated by Bateman and Wahrhaftig (1966) 
that several kilometers of overburden have been removed by 
erosion since pluton emplacement during the mid to late 
Cretaceous. A pluton, however, takes millions of years to 
cool to the point where its constituent rock approximately 
exhibits present-day elastic properties. This fact must be 
borne in mind when considering amount of erosion in the 
context of elastic theory.
Consider an elastic cubic element with sides
perpendicular to two horizontal directions x and y and a
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vertical direction z (Figure 4-2) . The cube is supporting 
compressive normal stresses (here taken as positive), crxx,
Figure 4-2. Cube supporting three orthonormal stresses.
Uyy, and ctzz acting in each of the three directions. Each 
normal stress contributes a normal strain in each of the three 
directions thus yielding nine equations for normal strains 
based on Hooke's Law. If each of these nine increments of 
strain corresponding to each of the orthonormal stresses are 
summed, one obtains the following relations between normal 
stresses and strains:
y
exx = 1/E [axx - v(CTyy + ctzz) ]
ezz = 1/E[cjzz - v(axx + Uyy) ]and
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If only shear stresses act on the sides of the element, then:
e = a /G xy xy'
e = o /Gxz xz'
e — a /Gyz yz'
where G is the modulus of rigidity. Equations for the three 
normal stresses can be obtained by simultaneously solving the 
equations for normal strain for each normal stress:
CTxx -  2 G e xx +  X ( e xx +  £yy +  e 2z)
°yy -  2 G e w  +  X ( e xx +  e w  +  e 77)yy xx yy “ zz'
and a zz -  2 G e zz +  A(exx + e yy +  £ zz)
where X and G are Lame's elastic constants:
X =
Ev
(1 + v) (1 - 2v)
and G =
2(1 + v)
Consider a granite body which cooled at a depth, D, to 
a temperature where elastic properties closely approximate
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those of the rock at room temperature. According to Johnson 
(1970), because the rock formed under the initial normal 
stresses pxx, p^, and pzz, and initial shear stresses, pxy, pxz, 
and pyz, further applied stress changes produce a total strain 
attributable to the sum of strain from the initial and applied 
stress components. The total normal strain in the x- 
direction, for example, would be:
e + e = 1/E f o - p - v( a - p + o — p ) 1pxx axx ' L xx ^xx ' yy J^yy zz ^zz' J
where ep and eg are strains caused by initial and applied 
stresses respectively. Denoting total strain as e', the 
normal stress-strain relations for initially-stressed bodies 
becomes (Johnson, 1970):
P*. -  2G6' „  + + e ' „ )
P„ - 2Ge'n + X(e'„ + + e\t)
P» "  2G £ 'z, + A(£ ’ „  + £ ' „ )
Assume that when the rock solidified at a depth, D, it 
was subject to hydrostatic pressure such that pxx = pyy = pzz 
and Pxy = PX2 = Pyz = o. Johnson points out that in such a 
case, subsequent removal of overburden pressure by erosion 
creates a condition of vertical uniaxial strain, provided 





amount of overburden removed, D, times a geothermal gradient 
value, say 0.03°C/m (Goodman, 1980). The eguation for 
horizontal stress can now be rearranged to:
'xxd - V-)D = --------------------
aEO. 03 + 1(1 - 2v)
which is an expression for the amount of overburden removed 
by erosion.
Consider a surface stress value of 12.8 MPa obtained via 
back-calculation of a buckled slab of Half Dome Granodiorite 
(buckled slab #1, this study) . Subtract from this value a 
maximum of 5.0 MPa which could be attributed to thermal stress 
effects. Using the appropriate thermal and elastic 
properties, a gross estimate of D = 320 meters is obtained for 
the Tuolumne Meadows area.
STRAIN ENERGY
Theory
The previous discussion of large scale residual stresses 
derived from erosional unloading of an elastic rock body 
introduces the concept of another phenomenon of the same 
origin. As mentioned, erosional unloading of an initially 
stressed, laterally confined body causes the body to be
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uniaxially strained in the vertical direction. The extent to 
which the body is strained can be shown by quantifying its 
'locked in' strain energy.
Elastic strain energy is defined as the increase in the 
energy level of an elastic substance as a result of a strains 
produced from a gradually applied load (Gere and Timoshenko, 
1984). Elastic strain energy is the area under the elastic 
part of the stress-strain curve between given intervals.
Strain energy locked into initially stressed linearly 
elastic, isotropic and homogeneous bodies can be quantified 
utilizing the stress-strain relations for initially stressed 
bodies (Johnson, 1970). Elastic strain energy in this case 
is the area under the straight line plot of applied minus 
initial stress versus total strain (Figure 4-3) .
Figure 4-3. Elastic strain energy (shaded area) per unit
volume for initially stressed elastic material 
(after Johnson, 1970).
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Recall the vertical stress-strain relation for an 
initially stressed elastic body:
CTzz -  Pzz =  2 G e 'zz +  A ( £ , xx +  e 'yy + £ ’ zz)
Under conditions of uniaxial strain, e' and e' are zero,xx yy
so we have:
CTzz - Pzz = ( X + 2G)e'zz
The elastic strain energy per unit volume of rock as shown in 
Figure 4-3 becomes:
U =  ^ ( CTzz -  P z z ) £ 'zz
Solving the stress-strain relation for e 1 zz and substituting 
this for e'zz in the strain energy equation, one obtains the 
following differential equation expressing the change in 
strain energy per square unit with change in unit depth 
(Johnson, 1970):
D)2 f ------- ) 5x <$y
\2G + X /
where the unit weight of the strained rock is assumed to be
equal to the unit weight of overburden removed by erosion.
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•Results for Tuolumne Granodiorites
An estimation of amount of overburden removed by erosion 
in a certain area can yield a quantification of strain energy 
as a function of depth. For the Tuolumne region this is done 
by solving the strain energy differential equation for the 
appropriate boundary conditions using a value of D equal to 
320 meters (this study) and the lab-determined constants for 
Cathedral Peak and Half Dome Granodiorites.
Separating the variables and integrating the strain 
energy differential equation, one obtains:




where 6x and 6y are equal to one meter and C is the constant 
of integration. At a depth of z equal to D, strain energy is 
zero and therefore C is zero. Strain energy induced in the 
rock is maximum at the ground surface and decreases as a cubic 
function of depth below the surface.
Figure 4-4 represents plots of elastic strain energy with 
depth for the two Tuolumne granodiorites. The two rocks have 
very similar plots which differ because of different rock unit 
weights and elastic constants. For each granodiorite, strain 
energy drops sharply, with half of the maximum value per cubic 
meter occurring at depths of 60 to 70 meters. At a depth of
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Elastic strain energy per cubic meter as a 
function of depth below ground surface. Dashed 




approximately 120 meters, the amount of strain energy in the 
rock begins to rapidly decrease until finally it becomes zero 
at the depth equal to the amount of material removed by 
erosion.
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CHAPTER 5 —  TUOLUMNE SHEET FRACTURE
Sheet structure in massive granitic rock is widely seen 
throughout the Sierra Nevada mountains. Its appearance is 
perhaps nowhere more striking than in Yosemite National Park 
of central California. Dome structures have formed over eons 
of time by the development of concentric layers of sheeted 
rock on the exposed surfaces. Domes of various sizes are 
present in the Tuolumne Meadows area of Yosemite (Figure 3- 
2) . It is this area where descriptive data relative to sheet 
structure were collected over a period of three months during 
the summer of 1988.
FIELD DATA ANALYSIS
Figure 5-1 shows the specific locations where sheet 
structure data were collected. All data were collected within 
the Cathedral Peak Granodiorite and its gradational contact 
with the porphyritic facies of Half Dome Granodiorite in the 
vicinities of Polly Dome south toward Stately Pleasure Dome 
and on Medlicott Dome across the road to the east. Each 
number represents a data collection station where joint and 
sheet orientations, spacing, thicknesses, and other geological 
observations were noted. At each station, between 30 and 60 
sheet orientations were recorded and a slope measurement was 
made. Each station typically had sequences of sheets exposed
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Figure 5-1 . where sheet 
data were collected. structure and geological
i
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either by regional extensional joints or on outcrops or cliffs 
formed by glacial plucking. From these exposures, 
measurements of sheet thicknesses as a function of depth were 
made and recorded as individual sheet sequences.
The sheet structure data were obtained primarily to study 
the extent to which sheets conform to the existing topography 
and the tendency of sheets to thicken with depth below the 
surface. These characteristics of sheet structure are shown 
in other parts of the world as, for example, the granites of 
New England (Jahns, 1943). Results of Tuolumne data analysis 
provide a comparison of sheet structure description with other 
areas where it has been studied in greater detail.
Sheet Fracture Conformity With Topography
Sheet structure found in granitic rock of the Sierra 
exhibits a continuous parallelism with the present topography. 
This phenomenon can be seen in both cases of convex or concave 
topography. Often on slopes, sheet steps form where slabs of 
rock have separated via tensile fractures perpendicular to the 
slope and migrated downhill (Figure 5-2).
A statistical approach is used to determine the 
conformity of sheet fracture formation with topography. For 
each data station (Figure 5-1), the dip and dip direction of 
the mean sheet fracture orientation was statistically 
determined by the discontinuity analysis program DISCANAL
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Figure 5-2. Sheets of Half Dome Granodiorite in conformity 
with slope. Note that sheets in foreground are 
detached and migrating downslope.
(Nicholl, 1988). Each mean sheet fracture orientation is 
compared with the slope orientation by subtracting the mean 
sheet orientation azimuth from the slope azimuth and the mean 
sheet dip from the slope dip. Freguency distributions of the 
dip direction and angle differences are shown in Figures 5-3 
and 5-4.
An average difference in azimuths of 6.05° with a 
standard deviation of 23.90° for 22 data stations (two extreme 
outliers filtered) is indicated by Figure 5-3. An average dip 
angle difference of 1.42° with a standard deviation of 5.37° 
is given for 24 stations (Figure 5-4).
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Figure 5-3. Frequency distribution of slope and mean sheet 
fracture azimuth differences.
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gure 5-4. Frequency distribution of slope and mean sheet 
fracture dip angle differences.
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If we assume the differences constitute a random sample 
from a normal population, hypothesis t testing may be 
performed in support of conclusions relative to the conformity 
of sheets with topography (Carr, 1989). For azimuth 
differences, the null hypothesis is that the mean sheet 
fracture dip azimuth is equal to the slope azimuth for any 
given localized area. T testing for a 95% confidence interval 
reveals that the null hypothesis cannot be rejected in favor 
of the alternative hypothesis. Similarly, we find the null 
hypothesis that the mean dip angle of sheet fracture is equal 
to the slope dip angle, cannot be rejected in favor of the 
alternative hypothesis.
In each of the above cases, a failure to reject the null 
hypothesis in favor of an alternative hypothesis means simply 
that no conclusion can be drawn that sheeting does not conform 
with topography. These results therefore do not establish but 
support the conclusion that sheets do conform with topography 
in the area shown by Figure 5-1. A summary of statistical 
results is given by Table 5-1.
Sheet Thickness With Depth
As previously mentioned, a commonly observed 
characteristic of sheet structure is a thickening of sheets 
with depth below the ground surface. Johnson (1970) has 
derived a theoretical relationship between thickness of sheets
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TABLE 5-1
Summary of data analysis results relative to conformity 
















t < -2.08 
or t > 2.08
t < -2.07 
or t > 2.07
and depth below ground surface. The derivation is based on 
the complete transformation of strain energy induced by 
erosional unloading into surface energy and plastic work 
during the formation of sheet fractures. The equation is:
B
T = --------------
[ 1  -  ( z / D q) ] 2
where T is the thickness of an individual sheet and z is the 
depth below ground surface. The constants D0, the critical
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depth below which sheet fractures do not form, and B depend 
on the rock's elastic properties, unit weight, and the 
fracture surface energy and plastic work per unit area.
It has been shown by Johnson that the above theoretical 
relation fits well with field observations made by Jahns 
(1943) in numerous quarries of Chelmsford granite. That the 
theoretical relation holds true for granitic rock of New 
England suggests the possibility it may similarly describe 
sheet thickness as a function of depth for Cathedral Peak 
Granodiorite of Tuolumne Meadows.
Sheet thickness data gathered at the data stations shown 
in Figure 5-1 are plotted in two ways. Figure 5-5 represents 
a plot of all individual sheet thicknesses and their 
corresponding depths below the surface. Figure 5-6 shows a 
plot of averages of thicknesses and depths for 10 sheet 
sequences, each being comprised of at least eight sheets. 
Each of the two plots is modeled with a linear and nonlinear 
best fit curve. The nonlinear models are of the theoretical 
form presented above.
An analysis of residuals can indicate which of the two 
models best represents each of the data plots. In the case 
of the plot of all sheet thicknesses and depths, a comparison 
of the means of residuals squared indicates the linear model 
as superior (Table 5-2). Moreover, the result of hypothesis 
t testing is the rejection of the null hypothesis that the 
data are represented equally well by both models (Table 5-4).
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Figure 5-5. Best fit linear and nonlinear models to plot of 
all sheet thicknesses and their corresponding 
depths.
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Figure 5-6. Best fit linear and nonlinear models to averages 




Summary of residuals statistics relative 
to best fit model to all sheet thicknesses 







Residual 16.05 m2 28.83 m2
SOS
MSE 0.049 m2 0.087 m2
SDSE 0.092 m2 0.46 m2
An analysis of squared residuals of linear and nonlinear 
models representing the averages of eight sheet sequences also 
indicates the linear model as superior (Table 5-3). The 
results of hypothesis t testing, however, prove inconclusive 
(Table 5-4). The null hypothesis that the data are 
represented equally well by each model, e.g., the average 
errors produced by each model are equal, cannot be rejected 
in favor of an alternative hypothesis.
It is important to remember that confidence in inferences 
made using the t distribution in hypothesis testing is related 
to the validity of the assumption that the model residuals are 
normally distributed. In the case of the averages to
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TABLE 5-3
Summary of residuals statistics relative to 
best fit model to averages of sheet thicknesses 







Residual 0.010 m2 0.025 m2
SOS
MSE 0.0013 m2 0.0032 m2
SDSE 0.0013 m2 0.081 m2
sequences of eight sheets, this assumption may be violated 
from a lack of data. Any consideration, therefore, of the 
hypothesis test results in this case must bear this in mind.
FRACTURE MECHANISMS OF BRITTLE ROCK
Griffith Failure Criterion
Prior to the relatively recent advancements in the field 
of rock fracture mechanics, only a few investigations were 
conducted into the mechanisms of failure of brittle materials. 
Most notable is the work of Griffith (1924). Griffith
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TABLE 5-4
Results of t distribution hypothesis testing in 
















0.081 m 0.20 m
95% Confidence 
Interval 
For Mean Resid. 
Difference




t < -2 .365 
or t > 2.365
t < -1.975 
or t > 1.975
reasoned that brittle materials consistently exhibit tensile 
strengths far less than predicted from the rupture of atomic 
bonds because of the existence of microscopic flaws in the 
material. He postulated that microcracks represented in two 
dimensions by an elipse serve as stress concentrators and 
fracture initiation occurs when the tensile stress at the
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crack tip * is sufficiently high to provide the energy required 
to create a new crack surface' (Farmer, 1983, p. 71). This 
is the essence of Griffith's failure criterion.
Griffith's criterion for extension of a randomly-oriented 
flat crack in a two dimensional stress field has been derived 
by Jaeger and Cook (1979). It can be shown that the tensile 
stress on the crack surface will have a maximum value for 
cracks oriented parallel to the major principal stress. 
Equating this maximum tensile stress with the tensile strength 
of the material, a failure criterion emerges:
( crn -  ct3)2
CTTf =  1/8 ------------
(CT1 + CT3)
if oi + 3ct3 > 0, and:
if a1 + 3a3 < 0; where ct1 and u3 are the major and minor 
principal stresses (tension negative) and crT is the uniaxial 
tensile strength of the material.
Griffith's failure criterion states that fracture 
initiation occurs in a uniaxially compressed specimen at a 
stress equal to eight times its uniaxial tensile strength. 
In practice, however, the ratio of Griffith's compressive 
strength to tensile strength varies for different rocktypes.
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The usefullness of Griffith's failure criterion in 
predicting failure of rock in compression is questionable 
(Jaeger and Cook, 1979) . It does however provide an 
understanding of the processes which lead to rock fracture 
and forms the basis of modern fracture mechanics theory.
Linear Elastic Fracture Mechanics
An increase in incidences of sudden and unexpected 
brittle failures of structures over the last 25 years has led 
to the development of the discipline of Linear Elastic 
Fracture Mechanics (LEFM). Though LEFM principles were 
developed in the context of metallic materials, certain basic 
theories do apply to rock materials and geologic structures.
LEFM theory is based on linear elasticity and is directly 
related to the energetic basis of Griffith's theory of 
fracture initiation. Unlike Griffith's failure criterion, 
LEFM theory allows for plastic flow and nonlinear behavior 
without affecting its predictive success, provided the zone 
of nonlinear behavior at the crack tip is small compared to 
the crack length (Schmidt and Rossmanith, 1983).
Stress Intensity Factor
Prior to a discussion of the fundamentals of LEFM, a 
definition of the three basic modes of crack deformation is
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required. Figure 5-7 illustrates mode 1 as the opening mode 
where crack surface displacements are perpendicular to the 
plane of the crack. Mode 2 and mode 3 are sliding and tearing 
modes respectively. Modes 2 and 3 are similar in that 
displacement occurs in the plane of the crack but differ with 
respect to displacement relative to the leading edge. Mode 
1 fracture initiation is most commonly encountered in LEFM 
applications. For this study, Mode 1 is the principal 
operative mode of crack deformation and is therefore given 
sole consideration with respect to fracture initiation 
studies.
Figure 5-7. The three modes of crack deformation.
The most important parameter which forms the basis of 
LEFM is the stress intensity factor, Kj. The subscript
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denotes mode 1 crack deformation. The stress intensity factor 
arose from the solution to boundary value problems in elastic 
theory. Its value quantifies the intensity of the stress 
singularity at the tip of a loaded crack in a linearly elastic 
substance. Generally, the expression for Kj is:
Kj = a-J 7rc
where c is the half length of a flat crack and a is the far- 
field stress applied to the crack. The value of Kj is a 
function of the load configuration and length of crack.
When Kj reaches a critical value under plane strain 
conditions, the crack becomes unstable and begins to 
propagate. This critical stress intensity factor, Klc, is a 
constant characteristic of the material called fracture 
toughness and has units of stress times square root of length. 
Table 5-5 gives some typical values of K,c for granitic rock 
as determined from both laboratory and field studies. Note 
that values are given for Mount Givens Granodiorite (Segall 
and Pollard, 1983) which is located south of Tuolumne Meadows 
approximately 40 km west of Bishop, California.
Compression-Induced Fracture Initiation
Within the framework of LEFM, Nemat-Nasser and Horii 
(1982) developed a detailed analysis of compression-induced
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Laboratory and field determined values of K,c 
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1Schmidt and Lutz, 1979.
2Zoback, 1978.
3Peng and Johnson, 1978.
4Segall and Pollard, 1983.
crack extension. The analysis is based on the replacement of 
kinked crack extension under plane strain conditions by 
continuously distributed dislocations. The dislocation 
density is represented by a singular integral equation derived 
through the method of complex variables (see Nemat-Nasser and 
Horii, 1982, pp. 6807-09). The numerical solution to the 
integral equation yields values of stress intensity factor and 
lengths and angles of out-of-plane crack extensions for 
different orientations of initial closed straight cracks
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subject to far-field biaxial stress. Figure 5-8 illustrates 
a pre-existing closed crack with kinked extensions induced by 
compression. The angles j3 and 0 are the angles of the major 
principal stress and kinked extension respectively with 
respect to the axis of the closed crack. The kink length is 
given as 1 and half the initial crack length is denoted as c.
An interesting result of the analysis of Nemat-Nasser 
and Horii is the optimal orientation of the pre-existing crack 
for crack extension to occur. In other words, for given 
coefficients of crack friction, /x, the critical orientation, 
j8c, of the initial crack that yields the highest value of K, 
(= K ]c) are determined. For example, f3c = 0.257T when n = 0; f3c 
= 0.2 0 4 7T when /x = 0.3, and; (3C = 0.1647T when /j, = 0.6. The 
above critical crack angles are for the case when ct3 and the 
cohesive stress between crack surfaces are zero.
Figure 5-9 presents the compressive force required to 
initiate a kinked crack extension as a function of the ratio 
of maximum to minimum principal stresses for the three optimal 
crack orientations given above. A representation of crack 
initiation requires a small value of 1/c which is chosen as 
0.01 for the plots shown in Figure 5-9.
NEAR SURFACE COMPRESSIVE STRESS ANALYSIS —  LEFM
Estimates of the principal stress required to initiate 




8. Pre-existing closed crack and kinked extensions 
produced by far-field compression (after Nemat- 
Nasser and Horii, 1982).
9. Compressive force required to extend optimally 
oriented pre-existing cracks for the case of no 
crack cohesion and 1/c = 0.01 (Nemat-Nasser and 
Horii, 1982, p. 6820, Fig. 21b).
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Tuolumne granodiorite can be made utilizing the results of 
Nemat-Nasser and Horii (1982). In reference to Figure 5-9, 
one sees that given values of K[max = K,c, the material's 
fracture toughness, and an estimate of initial crack half 
length, an estimate can be made of the principal stress 
required to initiate fracture propagation.
The analysis of Nemat-Nasser and Horii incorporates 
tensile stress induced near the crack tip by shear stress 
along the closed crack surface. It is assumed that a 
coefficient of friction along a crack surface within a 
Tuolumne granodiorite would be approximately equal to the 
tangent of the basic angle of friction of 30° (= 0.6) for a 
granitic rock discontinuity in shear (Watters, 1990).
For a coefficient of friction of 0.6, no cohesive stress 
between crack surfaces, and u3/a1 equal to zero, Figure 5-9 
gives a value of 2.2 for a1'/̂ rc/KIc. Rearranging this 
expression, one obtains a plot of ay as a function of fracture 
toughness and initial crack half length, c (Figure 5-10).
According to Brace (1961) and Hoek (1965), the failure 
of rocks takes place from grain boundaries so that failure 
initiates from initial microcracks on a grain size scale. 
The largest initial crack lengths require the least stress to 
produce extensions. Each of the two plots shown in Figure 5- 
10 therefore corresponds to crack half lengths of maximum 










Figure 5-10. Stress required to initiate crack propagation 
as a function of K,c (units of a x /m) for 
assumed maximum initial crack lengths for Half 
Dome (dashed) and Cathedral Peak (solid) 
Granodiorites.
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Because of the lack of a specific value of fracture 
toughness for a granodiorite, Figure 5-10 is perhaps most 
useful in determining a range of stresses required for the 
initiation of an optimally-oriented microcrack. If one uses 
the values of fracture toughness obtained by others through 
laboratory testing given in Table 5-6, stresses of 21 to 52 
MPa are obtained when K. = 2.6 and 5 to 12 MPa when K, =0.6. 
An average of all K[c values (= 1.6) given in Table 5-6 yields 
a stress range of 13 to 32 MPa for c = 20.3 mm and c = 3.8.
mm.
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CHAPTER 6 —  SLAB BUCKLING FAILURE
In addition to sheet fracture, the buckling failure of 
granodiorite sheets at the ground surface is another means by 
which rock failure occurs under high near-surface compressive 
stress. Examples of buckling failure are difficult to find 
in the Sierra Nevada. Since buckled structures are too small 
to be found utilizing air photos, the only way to locate them 
is by way of ground search.
Though it's safe to assume that surface buckling of 
granodiorite has occurred as long as sheet structure has 
existed, buckled slabs existing today likely failed sometime 
within the last 10,000 years due to the improbability that a 
relatively delicate buckled structure could remain intact 
during a major glaciation.
FIELD EXAMPLES OF BUCKLED GRANODIORITE SLABS
During the course of field data collection at Tuolumne 
Meadows, eight buckled slabs were located, measured, and 
photographed. Previously, Watters and Inghram (1983) had 
located and documented the large buckled slab located at North 
Fork Mokelumne River (Figure 2-2). Though the Cathedral Peak 
Granodiorite was extensively searched for examples of buckling 
failure, none were found within this rocktype. All eight 
buckled slabs found in the Tuolumne area (Figure 6-1) are
98
Based on USGS Tuolumne Meadows, Calif. 15’ Quad.
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CONTOUR INTERVAL 80 FEET
Figure 6-1. Locations of buckled slabs of Half Dome 
Granodiorite.
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located within the equigranular facies of Half Dome 
Granodiorite.
All but one of the buckled slabs observed in the field 
exhibit a simple gable buckle mode (Figures 6-2 to 6-10) . 
This mode of failure is characterized by straight sides popped 
up to form an A shape. As will be discussed later in more 
detail, this results from the formation of tensile fractures 
in the middle and two ends of the buckled slab. Buckled slab 
#6 (Figure 6-8) failed in a complex mode, that is, it exhibits 
a combination of smooth arch (uphill slab) and simple gable 
(downhill slab) buckle modes. Table 6-1 gives the field 
dimensions of the buckled slabs.
Figure 6-2. Mokelumne River buckled slab. Standing atop the 
slab are Bob Watters and 'Brie'.
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Figure 6-4. Buckled slab #2
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Figure 6-6. Buckled slab #4.
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Figure 6-7. Buckled slab #5.
Figure 6-8. Buckled slab #6
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Dimensions of field examples of buckling failure. 












6.51 4.34 3.35 1.22 5.49 1.40! 1.37 1.88 4.37!
Total
Length
11.9 9.67 4.62 2.26 7.92 2.74 3.35 3.10 8.13
Avg.
Thick.
0.18 0.30 0.20 0.11 0.19 0.15 0.04 0.08 0.24
Avg.
Width
2.85 3.28 5.56 1.26 3.28 0.76 3.32 1.09 2.51
Max.
Heave
0.58 0.46 0.36 0.18 0.43 0.18 0.09 0.18 0.41
*North slab 
!South slab
Some interesting observations are made relative to 
orientations of the buckled slabs with respect to slope. 
Figures 6-11 to 6-19 represent stereonets which give the slope 
and axis of compression orientations for each of the nine 
buckled slabs. Of particular note is six out of the nine 
buckled slabs failed in a compressive direction within 35° of
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Figure 6-19. Orientations of slope and compression axis of
buckled slab #8.
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the slope dip azimuth. Two failed in a direction almost 
parallel with the strike of the slope (Figures 6-16 and 6-19) . 
All but the Mokelumne River slab failed on slopes which dip 
at less than 30°. Four exhibit failure compression axes that 
dip less than 10° with the axis of buckled slab #5 (Figure 6- 
16) dipping at one degree.
MECHANISMS OF BUCKLING FAILURE
Buckling Modes
An analysis of stresses required to produce buckling 
failure in rock strata necessitates a discussion of the 
possible modes of failure the rock layer may undergo. 
Specifically, the critical stress required for buckling 
depends on the buckling shape (mode) a particular stratum 
assumes at the moment of failure.
Roorda et al (1982) have identified two principal modes 
of rock buckling failure. One is the smooth arch which is 
shown in Figure 6-20c and the other is the smooth gable shown 
in Figure 6-20d. Consider an initially flat unstable stratum 
as shown in Figure 6-20a. As buckling is initiated, a small 
heave develops (Figure 6-20b). When the heave reaches a 
critical value, incipient instability results such that an 
infinitesimal further disturbance results in dynamic buckling 







Figure 6-20. Buckling inodes of a rock stratum: a) original
unbuckled stratum; b) initial heave; c) dynamic 
buckling failure in smooth arch mode showing 
location of possible tension fracture 
development; d) buckling failure in smooth 
gable mode showing locations of subseguent 
tensile failure, and; e) final simple gable 
shape (after Roorda et al, 1982).
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(Figure 6-20c) during failure and in its final stable position 
if, throughout the process, the development of tensile 
stresses within the stratum are allowed (Roorda et al, 1982) . 
It may be that at some point just after incipient instability, 
e.g., critical failure, tensile failures occur at the points 
of maximum bending moment (see arrows, Figures 6-20c and 6- 
20d) with resulting mode changes to smooth and finally simple 
gable shapes. Even though in this case failure proceeded 
through a series of modal changes, an analysis of the critical 
buckling stress would be in terms of the smooth arch.
Now consider the case where tensile stresses are not 
allowed to develop in the stratum up to when critical failure 
would occur in the smooth arch mode. In this case, a mode 
change occurs sometime during the first initial heave. 
Sometime after the occurrence of the mode change, critical 
buckling failure in a smooth gable mode takes place when a 
critical stress is reached. Because low tensile strength does 
not allow development of tensile stress, failure occurs sooner 
and at a lower critical buckling stress than it would for the 
case of the smooth arch.
The low tensile strength of rock in general and of the 
granodiorites of this study in particular suggests than 
critical buckling failure of rock slabs occurs in a smooth 
gable mode. Figure 6-20, therefore, presents the most likely 
succession of failure modes which the Sierra Nevada 
granodiorite slabs experienced during failure. Figure 6-20c
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is exaggerated as modal change likely takes place at a much 
smaller initial heave. Because the entire failure process 
through to the final field-observed stable simple gable buckle 
form (Figure 6-20e) has not been observed, any individual true 
sequence of buckling modes remains a matter of conjecture.
Buckling Theory
The usual results obtained from classical Euler theory 
of buckling of beams and plates are based on the occurrence 
of critical failure in an arch mode. These results are not 
given consideration here, for though they may be suitable for 
materials which exhibit considerable tensile strength, they 
are not appropriate for buckling of rock slabs.
The curvature, k, of a beam deflected in an x-y plane is 
the second derivative of displacement in the y direction with 
respect to x and is equivalent to the bending moment divided 
by the material's flexural rigidity (Gere and Timoshenko, 
1984) :
d2 y M
k = --- = --
dx2 El
If for a particular case one determines the equation for 
bending moment as a function of x, then the above differential 
equation may be integrated twice with the two constants of
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integration solved for the boundary conditions. The result 
is an expression relating deflection of the beam as a function 
of x for the given loading conditions.
For the case shown by the free body diagram in Figure 6- 
21, the moment equation is:
d2 y wx(L - x)
--- El = M = ----------  - Py
dx2 2
which has the general solution (Roorda et al, 1982):
w
y = A sin kx + B cos kx + ------
2EIk2
with a substitution of k2 = P/EI. For zero slope and zero 
displacement conditions for each respective integrations, the 
constants A and B become:
A = -wL/2Pk and B = -w/Pk2
The smooth gable shape has zero moment at the midspan. By 
differentiating the above exact solution twice, setting the 
resulting moment equation equal to zero and solving for x = 
L/2, a solution for kL = 4.66 is obtained. From this exact 
solution, Roorda et al derive relationships between length, 
heave, inward movement of buckled strata and applied loads.
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Figure 6-21. Free body diagram showing eguilibrium of forces 
on buckled section (after Roorda et al, 1982).
BUCKLING STRESS ANALYSIS
From its final stable equilibrium state, estimates of 
the stresses in the rock stratum at certain instances during 
the buckling process can be made by way of a back-calculation 
procedure. Lab-determined rock properties and field
measurements are used to obtain the critical stress required 
for buckling as well as the stress in the stratum near 
critical failure. With the failure stress known, equilibrium 
of pre- and post-buckling stresses in the stratum yields an 
estimate of the original in-situ stress in the rock.
Appendix B gives the procedure by which stresses in the 
slabs of Half Dome Granodiorite are obtained. The results of
1 2 0
the back-calculations are presented in Table 6-2. Since 
maximum moments and resulting tensile failures occur at x =
TABLE 6-2
Theoretical length of smooth gable buckle at failure, 
Lb, minimum stress reguired for buckling failure, aQ crjt , 
stress in stratum at critical buckling failure, o'b, and 
original in-situ stress in rock stratum, aQ.
Buckled
Slab Lb(meters) (Mf>a) ab(MPa) CTo(MPa)
Mokelumne 23.80 9.63 15.12 15.84
#1 19.34 9.05 12.08 12.98
#2 9.24 7.27 8.72 9.59
#3 4.52 5.34 6.04 6.75
#4 15.84 7.27 10.17 10.84
#5 5.48 6.19 6.90 7.75
#6 6.70 3.44 5.16 5.44
#7 6.20 4.25 5.87 6.27
#8 16.26 7.74 10.59 11.33
L/4 and x = 3L/4 at the mode change from smooth to simple 
gable (Figure 6-20d), the field-observed buckle length is 
theoretically approximately one half the length, Lb, at 
critical buckling failure. The minimum critical stress 
reguired for buckling, o0 cn-t , is the stress at which the
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stratum becomes unstable. The stress in the stratum may 
exceed oQ crjt without the occurrence of buckling. Because of 
the unstable state, however, a further slight disturbance will 
result in dynamic buckling failure.
The process of rock buckling is characterized by a 
decrease in stress within the strata from the original in-situ 
stress value. This is shown by the results in Table 6-2 where 
it can be seen that ct0 crit < crb < aQ. There is only a 
relatively slight decrease from the original in-situ stress 
to the stress value at the onset of failure. During dynamic 
buckling failure, almost all of the compressive stress is lost 
as the mode reaches the final stable simple gable shape.
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CHAPTER 7 —  CONCLUSIONS
Laboratory tests conducted on samples of Caples Lake, 
Half Dome, and Cathedral Peak Granodiorites reveal 
deformational characteristics typical for granitic rock. 
Stress-axial strain curves are slightly concave upward up to 
approximately 25% of uniaxial compressive strength. Field 
in-situ stresses lie within this nonlinear stress range of 
the deformation curve. Laboratory stress-strain curves, 
however, describe deformation of small cores with the result 
that end stress effects and closure of microcracks cause 
nonlinear behavior. This nonlinear behavior is not likely 
duplicated to as great an extent during large scale 
compression-induced rock failure.
Following initial closure of microcracks, the stress- 
strain curves show linear elastic deformational behavior until 
just prior to peak compressive strength. For the load range 
up to strength failure, therefore, the granodiorites may be 
considered a linearly elastic substance.
NEAR-SURFACE COMPRESSIVE STRESS
The primary origin of near-surface high differential 
stress in the Mokelumne and Tuolumne areas of the central 
Sierra Nevada is erosional unloading. The high differential 
stress therefore has as its major component a large scale
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residual stress elastically induced by the removal of a 
superincumbent load.
The erosional unloading hypothesis is supported by non- 
preferential orientations of buckling failure compression axes 
indicating a1 and a2 are of similar magnitude with both acting 
in the plane of the ground surface. Cadman1s (1969) in-situ 
overcoring stress determinations at Tuolumne Meadows of a1 and 
a2 equal to 13.9 and 6.5 MPa indicate stress anisotropy at the 
surface but the reason for this is not clear. His stress 
determinations could indicate the presence of a 
preferentially-oriented tectonic stress component or a 
localized anisotropy of rock elastic properties.
Original in-situ compressive stresses computed by back- 
calculation for buckling failures range from 5 to 13 MPa at 
Tuolumne Meadows and 16 MPa at Mokelumne River. The Tuolumne 
values correlate well with the stress determinations of 
Cadman. A maximum of ±5 MPa about the mean stress at the 
surface can be attributed to thermal effects alone. Though 
thermal stresses clearly are a major component of surface 
compressive stress, they can only account for 1/3 of the total 
maximum in-situ stress at the surface, lending further support 
to the conclusion that erosional unloading is a primary stress 
origin. Moreover, compression-induced sheet fractures, which 
show preferred orientation only with respect to contemporary 
topography, extend to depths which well exceed the influences 
of thermal fluctuations.
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A maximum in-situ stress estimate of 13 MPa, from which 
5MPa attributed to thermal effects is subtracted, yields an 
estimate of 320 meters of overburden removal by erosion for 
the Tuolumne Meadows area. The estimate is based on isotropic 
linear elasticity and the assumption that the granitic bodies 
were not subject to tectonic deformation during the erosional 
periods.
Stress determinations from Linear Elastic Fracture 
Mechanics studies can only provide a wide range of stresses 
required to produce compression-induced fracture initiation. 
This is because of the lack of specific values of fracture 
toughness, K[c, for Sierra Nevada granodiorite. An average 
of Klc values for granitic rock of 1.6 MPa m yields estimates 
of 13 to 32 MPa required to initiate extension of the largest 
crack half lengths corresponding to maximum grain sizes for 
Cathedral Peak and Half Dome granodiorites.
Topographic stress effects from gravitational loading 
probably contribute to near-surface stresses on the lower 
flanks of steep-sided domes. Some of the buckled slabs are 
on or near the bottom of slopes suggesting gravitational 
loading may have been a factor in failure by buckling.
Attempts to correlate laboratory-recorded acoustic 
emissions signatures to the presence of a Kaiser effect 
produced no results. The Kaiser effect could not therefore 
be used as an additional tool for interpreting the stress 
history of the three granodiorites.
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FAILURE MECHANISMS
Thin sections of each of the three granodiorites cut 
perpendicular to the sheeting plane show a preferential 
orientation of microfractures parallel and subparallel to the 
sheeting plane. The microfractures mainly run along grain 
boundaries but some are seen crossing grain boundaries between 
quartz and feldspar. Intragranular microfractures are seen 
primarily within quartz grains.
Sheeted granodiorite at Tuolumne Meadows is in conformity 
with topography. This conclusion is supported by statistical 
studies which compare slope orientation with a spatially 
determined mean sheet fracture orientation for several 
localized areas. Measurements of sheet thicknesses taken from 
natural exposures indicate a thickening of sheets with depth 
below ground surface. A high degree of variability shown by 
a plot of all sheet thicknesses and their corresponding depths 
indicates they often thicken in an irregular manner, 
particularly when compared with sheet thickness data collected 
from granite quarries in New England. Statistical studies 
support the conclusion that sheet thickness as a function of 
depth is best modeled with a linear relationship for Cathedral 
Peak Granodiorite.
The best explanation of the mechanism of failure 
responsible for the occurrence of sheet structure is a 
compression-induced fracture initiation and propagation which
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is based on Griffith's failure criterion and is described in 
terms of modern Linear Elastic Fracture Mechanics. As 
observed in the laboratory by others (see Fairhurst and Cook, 
1966; Peng and Johnson, 1972; Holzhausen and Johnson, 1979), 
uniaxially compressed rock fails by longitudinal splitting 
characterized by initial extension of microfractures and 
subsequent propagation toward the direction of maximum 
principal stress. Fractures propagate parallel to a free 
surface with no tendency shown for propagation toward the free 
surface. Columns formed by axial splitting in laboratory 
specimens often buckle as additional stress is applied. These 
same failure characteristics are observed in the field in 
granodiorite of Mokelumne River and Tuolumne Meadows.
From the previous discussion of sheets thickening with 
depth, one sees that eventually a depth is reached where sheet 
fractures do not form. This is best explained in terms of 
Griffith's stress approach to fracture initiation. The 
confining pressure, a3, due to the weight of overburden, 
increases to the point where fracture initiation and 
propagation is completely suppressed.
Sheets of granodiorite separated from the rockmass by 
compression-induced fracture remain subjected to high in-situ 
compressive stress. Consequently, at the surface some of the 
sheets buckle into a simple gable shape. Surficial thermal 
stresses probably contributed to failure of most of the nine 
located buckled slabs in the Tuolumne and Mokelumne areas.
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A gravitational loading component apparently is not a 
prerequisite to buckling failure as indicated by the 
occurrence of four of the nine buckled failures on slopes of 
less than ten degrees.
The low tensile strength of the granodiorites suggests 
that during buckling, tensile stress is not allowed to develop 
in the stratum, resulting in failure in a smooth gable as 
opposed to a smooth arch mode. The analysis of Roorda et al 
(1982) illustrates that compressive stress in the stratum 
decreases as buckling failure proceeds. The stress at which 
critical failure occurs in a stratum is therefore slightly 
less than the original in-situ stress in the stratum. For 
this study, original in-situ stresses calculated from critical 
buckling stresses and equilibrium exceed the minimum critical 
stresses required for failure by 25% to 65%, indicating a 
significant degree of instability in the granodiorite sheets 
prior to buckling failure.
Accuracy of stress analyses based on the methods of 
Roorda et al depends on the assumption of isotropic and 
homogeneous elastic properties in the stratum. In addition, 
uniform slab dimensions and an initially flat horizontal 
stratum are assumed in the calculations. Clearly, not all of 
these conditions are met for each of the buckling failures 
seen in the field. That some of the slabs experienced uneven 
loading which resulted in unpredicatable bending moments is 
evidenced by asymmetrical final shapes. Nevertheless, the
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method is useful in determining general 'ballpark' in-situ 
stresses at the rock surface. Moreover, the analyses are 
useful in illustrating relationships between buckling stresses 
and slab dimensions and granodiorite elastic properties.
SUMMARY OF CONCLUSIONS
The conclusions to be drawn from the examination of the 
failure mechanisms of Caples Lake, Half Dome, and Cathedral 
Peak Granodiorites subject to high near-surface compressive 
stress are as follows:
1. Photomicrographs of thin sections cut from blocks of each 
of the studied granodiorites show microfractures parallel 
and subparallel to the plane of sheet fracturing. The 
microfractures form along grain boundaries but also are 
found within quartz grains and traversing boundaries 
between quartz and feldspar.
2. Uniaxial compressive tests performed on three mutually 
orthogonal cores of each rocktype show linear elastic 
deformational behavior typical of a granitic rock. The 
Griffith compressive strength is at a stress level 
approximately 1/2 to 1/3 the total compressive strength 
of a specimen.
3. Specimens of Granodiorite of Caples Lake showed 
compressive strengths and Young's moduli approximately 
30% and 60% higher respectively and Poisson's ratios 70% 
lower than those of the two Tuolumne granodiorites.
4. Acoustic emissions signatures revealed no Kaiser effect 
but showed increases in events corresponding to unstable 
fracture propagation, axial fracture coalescence, and 
strength failure of the specimen.
5. The primary origin of present high stress near the ground 
surface is erosional unloading. The stress is therefore 
a large scale residual stress elastically induced by the 
removal of a superincumbent load.
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6. Other contributions to the total near surface stress are 
thermal stresses of a maximum of ±5 MPa about the mean 
annual thermal stress and stress due to gravitational 
loading on steep sided domes.
7. Elastic studies show that approximately 320 meters of 
overburden would have to have been removed to induce a 
maximum present-day stress estimate of 13 MPa. The 
estimate of overburden removal is based on certain 
possibly invalid assumptions concerning the geologic 
past.
8. A removal of 320 meters of overburden would induce 
vertical strain energy in the Tuolumne granodiorites on 
the order of 12 to 14 x 104 Joules at the surface.
9. Sheets of Tuolumne granodiorite are in conformity with 
contemporary topography and thicken linearly with depth 
below the ground surface.
10. From a maximum stress estimate of 13 MPa, values of 
fracture toughness for the Tuolumne granodiorites are 
determined to range from 0.4 MPa m to 1.7 MPa m. These 
values are within the range given by Segall and Pollard 
(1983) for the nearby Mount Givens Granodiorite.
11. An assumed value of fracture toughness of 1.6 MPa m 
yields estimates of compressive stress required for 
microcrack extension of 13 to 32 MPa corresponding to 
crack half lengths of maximum grain sizes for Half Dome 
and Cathedral Peak Granodiorites.
12. Sheets thicken with depth and eventually disappear 
because, as described by Griffith's failure criterion, 
increasing confining overburden pressure, a3, eventually 
completely suppresses sheet fracturing.
13. A total of nine simple gable shaped buckled granodiorite 
slabs apparently failed in no preferred general 
direction. Gravitational loading may have contributed 
to some of the failures though it is not a prerequisite 
to failure as evidenced by four buckling failures having 
occurred on slopes less than 10 .
14. Thermal stresses likely contributed to some of the 
buckling failures. This is supported by the fact that 
most of the failures occurred on sun-exposed slopes.
15. The low tensile strength of the granodiorites suggests 
critical buckling failure occurred in a smooth gable 
mode. An inability of the slabs to develop tensile
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stress during the buckling process renders inappropriate 
the smooth arch analyses of Euler and Roorda et al.
16. Stresses back-calculated from the buckled slabs indicate 
original in-situ surface compressive stresses ranging 
from 5 to 13 MPa at Tuolumne Meadows and 16 MPa at 
Mokelumne River. The Tuolumne values correlate well with 
surface stress values of 13.9 MPa and 6.5 MPa for a, and 
ct2 as determined by Cadman (1969) from an overcoring 
test.
17. Original in-situ stresses exceed the minimum stress 
reguired for buckling failure by 25% to 65%. This 
indicates a significant degree of instability with 
respect to buckling failure of thin sheets at the 
surface.
In summary, high differential compressive stress in 
massive granodiorite of the Yosemite Park and Mokelumne River 
areas of central Sierra Nevada primarily originates from 
erosional removal of overburden. Secondary origins are 
stresses from thermal fluctuations which contribute as much 
as 1/3 of the total in-situ stress to a depth of one meter 
from the rock surface. Stresses from gravitational loading 
are significant in the vicinity of the lower flanks of steep­
sided domes.
Near-surface massive granodiorite responds to the 
anomalously high compressive stress by two types of rock 
failure. Sheet fractures and therefore the major principal 
stress exhibit parallelism with contemporary topography. The 
fractures form continuous sheets of rock that thicken to a 
depth of approximately eight meters. The second failure 
response is a buckling of the sheets at the surface. Nine
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examples of this failure show buckling occurred in a smooth 
gable mode and proceeded to a final simple gable shape. 
Original in-situ stresses required to produce these failures 
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kab—Report Determination of Tensile Strength of Intact Rock
Core Specimens Using the Brazilian Method. ASTM D3967-86
Figure A-l
Project Name: T h e s is  ■ M  ake.lum ne  ̂ R iv e r__________________
Sampling Location: Appro*. K/ /rn/e. LeJoco S p rin g P a w ______
Sampling Date: A-/ 79_______ Testing Date: /2//2/f?9
Sample Description: 6-rcmoJ/orde o f  Copies La-h-ê  C Kr J ) j
_u.m_____ :Lcl_COQ-rscL. ahgi n e d  ' a eocrxollu '-ppu.inmruA.lar ' ora'in s/?_e.
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_kl-Qndo . LV' rn_l-esser b/'ori+e^ ; y<°ry na.rdL \ araAe- X cvediherio^;
__frd ry\<xc,r oc. racks pres&n.t' ' '  °  _______
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kak—Report—zz— Determination of Tensile Strength of Intact Rock 
Core Specimens Using the Brazilian Method, ASTM D3967-86
Figure A-2
Project Name: __ I k c s is  } M sa J .n u js____________
Sampling Location: î ccur road. , be-kueen Faiy-viouo and. HeAhcaib hordes
Sampling Date: ^ /  SI_______  Testing Date: 3 f H j _ _ _ _
Sample Description: OakfcAra} Aggie 6r<xr>coliorj-te  ̂ C Kcp') ]______
Lqa[ ^  P o rp h y ry  ; g ra in  s i n  ra n ges  fn>irx O. X S  f o r
Diorifg-— to— jj. 6 c.m -for- lC-spar ; avema^^rain «;i - S./-J m m ;
S ~  ) 0°/c m-a-f icL- trune.rci.ls coa^ i^t inq  o, P\ie.-£ty of- b> I o-f7te_- LQifk,
Kprr\b(e-n^<£— j lynrA. j fetracdr, 32 su.i-fic-ia-1 LueA.i'h-e.rinq 3 
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Moisture Content:, -.Dry Load Rate : <S7> j &ec.
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— B-g_P ° r i— 2_Z,— Determinat ion of Tensile Strength of Intact Rock 
Core Specimens Using the Brazilian Method. ASTM D3967-86
Figure A-3
Project Name: ~Tha.&(s , 7~ocolc\rryri€. /1<e.ado ujs_______________
Sampling Location: -fro/r̂  bu ck led -# S’______
Sampling Date: _______ Testing Date: ,3 /  *4 /  <70
Sample Description: Half Do Me. 6  >xVi&dlo rife  / ! f k d ' ) ] MeJ,UJr
TQ e.aaf.Se. a n x m e r f , j a 
-Fro/yi f o e  h>iM
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t _Determination of Tensile Strength of Intact Rock
Core Specimens Using the Brazilian Method. ASTM D3967-86
Figure A-4
Project Name: T k -e S t .S  , T o . M e x u L p c O S ___________
Sampling Location: Across road, -from Atxr-JLW ,^lab #= S
Sampling Date: 4 / ff9_______  Testing Date: 3  / H j  9 C>
Sample Description: Half  honor. (hranodiorrha. CkLhdh j McAta./>\
— c^ r . s ^  .Q r^ n e d L ; a e res-a-llu e^ui^ranuJa-r ■ g ra in  -st r ^ e .  
ZcsJQ— QxS'mm for pio-rihe . -ho' 7-6 mfn far- frJAkpar uji M _____ UC\/C ra,̂ê_~ 9.9 m/y\ j 3  °/° /wx-Pi'c- mmenaJ,’: C b isf-ifeO  ; v-gry
-h-CMcdr 'j— qy~aa.cc I uSPa.+h c r / r\Q ■__________________________________
Moisture Content:__A Load Rate: 6> O ^  /sea.
Test Data
T e s t  #
1
1 t  
1 (mm)
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Figure A-5. Stress-axial (solid) and -lateral (dashed)
strain curves for specimen Kcl-1.
143
Figure A-6. Stress-axial (solid) and -lateral (dashed)
strain curves for specimen Kci-2.
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Figure A-7. Stress-axial (solid) and -lateral (dashed)








Figure A-8. Stress-axial (solid) and -lateral (dashed)
strain curves for specimen Khd-2 .
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Figure A--9 . Stress-axial (solid) and -lateral (dashed)








Figure A-10. Stress-axial (solid) and -lateral (dashed)








F i g u r e  A-ll. S t r e s s - a x i a l  ( s o l i d )  a n d  - l a t e r a l  ( d a s h e d )
strain curves for specimen Kcp-2.
149
STRAIN, X 10EX-4
Figure A-12. Stress-axial (solid) and -lateral
strain curves for specimen Kcp-3.





Lab Report Determination of Uniaxial Compressive Strength
and Deformability of Rock Core Specimens Using ISRM
Suggested Methods Parts 1 and 2, September, 1978
Project Name: ~Th-€. ______ ___________________ ____________
Sampling Location and Or ientation ( s ) : kloka-1 um nr. /Q.i\>er ,
{lH A>z/c- helots Scjf Springs rcaorvoi r-. it /  hnn oarr, AKIS pe.rf>-e.r\-
AtsLuJr ic> CT> . t tf 2- &r>A & 3  6or&  axas pnrfx-nJtr nofar+e> eAch filler oxnA par a./fa! -h> CD -________________________________
Sampling Date: Apr)!. I4S1 Testing Date: 2- / *?/40 , Z-h of 9o
Rate of Loading: 3 X Id  S cJ"lsc^ Unit Wt. : 7~G, to / ^
Moisture Content: Core L/D: ^ 2 ' l
Lithologic Description: ^  rajTa>A< a>r'i Copies Lo-k^. £/Cc.)i>;m <za.{ tun .to.c<2£lc£<e_rainra. nf 0. 2S m sngrtu.nto.̂ .spueraJly -e-gutgranĉ/QC-i__arajn ---for hla+l-hr to AT. Z- ̂rA  Xor~ f^ lA ocxu - Hu/lk âar-a/rc.
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Figure A-14
Lab Report Dstsrrnination of Uniaxial Compressive Strength
and Deformabi1ity of Rock Core Specimens Using ISRH
Suggested Methods Parts 1 and 2, September, 1978
Project Name: 7^7 «  SV.S-
Sampling Location and Or ientation ( s ) : Near road. ad end of
1-eruXya. Ltxke ,̂_fosesn//■€. farf-, California. • -ttr I Ad.̂  &orfc cxx/s,
pe.rf> er\eL sa.la r fo (T, . dpcr.\m,&n̂  ft 2. ancL & 5 have. c-ore, a.xes per - 
p-e-nd/c-U-Ja r  -/<=> -each <y/Agr t̂ â A na.//W Ao CTi .________________
Samp ling Date: S ef*. )S 'Scj Testing Date: Z/ _____
Rate of Loading: ^ >0 ~ ̂  ̂ /se^ Unit Wt. : Z jS~, y8~2- Hr*\3
Moisture Content: Z) Core L/D A S’ : /
Lithologic Description: H ĉxxrse.. gmio-eA. Half Dome- dmiAad/an-f-e. (Khd ) ;Mujarxnu.Hr : rfraln nHrr rasing- -fromgenrra./ly uj xnu./x ; yj, , .< / ^ r . - r nge*
•o 7-6 /77^ fZ c  ¥cM<;pcLt- UJ/H\ a v e r a g e .  -0 ,S ~ m /n  -F o r b H f l f e .  +0 m  
S°/o ma.fi c .  /n/nerg_Is ( b i o l i l e  )> \ v - e . r y
<sfxir to  — H. *} mm j 
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Rock De formabi1itv Data (Secant Method)
Spec .
1 Ax. |
If | CT3Q\ |
1 (MPa)I
Diam. 
c 5 0 
( MPa )
I Ax. I 
I £ 3 0 » I
I I
Diam.I
£ = a I
I
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I
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3 *t9. H d .1 l lp. 00203^06^7/^ f Zd.S-H 6“?. 38 j 3>,3?tr
1 5 2
P r o j e c t  Name: T A e s ' / s ____________________________________________________
Sampling Locat ion and Or i enta t  i on ( s ) : A J t a r  r & a j  , b e ^ u jA & n
Oa J  F i i i r v ' i ^ t s J  C o r s e s  } f a s e . f i *  f e - f o r k  j  C o - l i f a r n i a .  , S p s e i r r i r n  ■#= (  
h * i s  ^orc- a - x / s  p & r p e - n c h  - to  Q1 , S p e e t  r n e n s  &  Z- < x n e t # .
C -r> re - < x j< es  + o  & Z e h  g i b e r  < z .n j .  e a c h  O a r i x  H e h  h o  <Ti ,______
Sampling Date: 5 ^pt. Test ing  Date: 2 -/ *7 /?£>______
Rate of  Loading:  3  X ( o ~-r  c' ryj s e c - Unit Wt. : Z-6 , £><$£> ^ ( r r 3
Moisture Content:  ( A r y _____________  Core L/D: 1 -7  • I_____
L i t h o l o g i c  _ Descr ipt  i on : 0 . a - b \ n e J in x . \  P & a -k .  & r - < x n e d i  &  r > ( c s  ( K c ^ > }  j
6azr5e- framed, porphyry; r,wae fro*-, 0.2-S'mr< for b i a -
-Hie + °  H,& cs” /C- spas~ phenoc-rycis cuifh average jra/n s/ae- - S ', S  c»/n ■
S ~ - I O ‘/ n m i x - f i c -  r y \ < n c . r - a . ! s  , e h i  e f h j  b i o 4- i  i e  u > t i A l e s s e r  h e r n  b l e n d e ^  ;_____
W ar<L \ g r a d e -  H .  .< L u r f> 'c - i< x l u J c -a h  h e r ’, ; p r e f e r  e n - h - a / l y  * - l i y n e < d  c - r a c k s _____
- h r w e r s ' i n g  K ~  S p a r  p h e n o c r y j - i s  ,_______________________________________________
Figure A-15
L a b  R e p o r t  D e t e r m i n a t i o n  of U n i a x i a l  C o m p r e s s i v e  S t r e n g t h
a n d  D e f o r m a b i l i t y  of R o c k  C o r e  S p e c i m e n s  U s i n g  I S R M






| | F a i l u r e  
H i Area | Mode 
( mm) 1 ... ( ml)__ 1____________
I F a i l u r e  | 




1 j 5 -3 . < 7 <7 3 . 7  jftaW**2-! ^ U ^ l O r l , ZZT .  *77 | /£><?. 3 5 “
Z 5 3 . £ <=?/./ j$,0 C>2 2 7 3 | c o x . , 0 .1 | ZZV. 7  Z. 9 ?. ? 7
3 5 7 3 . 8 5 -, Z  p 3 0 2 Z 7 3  j j 2 3 3  . 5 -/ j 7 3 . 7 ^
Rock Deformabi 1 i t y Data (Secant Method)
| Ax . | Diam. i Ax . I Diam. 1 1
Spec . H tTso% 1 O‘so'% 1 £ s ci % I £ 3 O ̂  1 E « « . ^ dX ± j» m. 1 v
1 (MPa) 1 (MPa ) 1 1 1 (GPa ) (GPa) 1
I j S O .  /S’ }^.^ZZ / 7 jl4 Z ^ 3 5 'Z. Z Z  . 6 3 7 7 . | O . X 7
% ! V 7 . W  k ^ / 3 6 7  [a ^ w a o j 3 6 . / 7 /6 >6 . 7 8 0 . 3 ^
3 j V6 . ? 7  ^ / 7 5 ^p2 l^ z -7 5 j z v . ^ 5  s 7 5 1  ZJ ; o .  3 7 -
15 3
Figure A-16
L a b  R e p o r t  —  D e t e r m i n a t i o n  of Unit W ei g ht  of Rock S p e c i m e n
U s i n g  I S R M  S u g g e s t e d  Method, D oc u me n t No. 2, Dec. 1977
Project Name: _________________ ______________________
Sampling Location: milr. Spnrvj<; r r s e r v o i r  HnkeJur^n^
Sampling Date: A  f ir,V _____ Testing Date: /2/;2a/g7_____
Sample Description: g f  Qx>ks Lai>. (1^.1) ; f o
Coa-.'C5 £ -  q ix u n c a .  ; f lcnera-lly e.^a/yrgncJar; atn jn  .sir-.* rn-nar n f  O. 2,-r 
fo r  b'Q+iTC- h  is : Z  n^r\ -Fo r -frUs&zr f ij j lf  av^ragr. = <4, 2. • Ifi) m afic-
rrv /u rj'a is  cnrjS /^fina c A /r f )y  o f  horrkkncle. ujifk leaser b/ofi-h^ ; vrry ka.r̂ j 
6-rtKcLc- X ggJji.cn'Hg ; no n--o.cjrar- r a r . p r e s m f ._______________________
Moisture Content:
Test Data
Weight of Sample (Kg): O• H ef2~1-h____
Initial Volume of Water (ml): •S & O
Final Volume of Water (ml): ____ G S S
Volume Displaced by Sample: /  3 S  <c.
Unit Weight (N/m3): 2.G , I 0 1________
C o m m e n t s :
1 5 4
Project N a m e : T h e *  AS________________________________________________
Sampling Location: Near r a a ji } u s c s i  e n d  o f  7> n a y  c l  I r x k e . : T u o l u m n e  -
Sampling Date: .SVyrh 1^%^______  Testing Date: / z / 2.6/ _____
Sample Description: b o n ^ ,  G r a r o J ] n n  i t s -  ; m e d i u m  t o
__a n . r \ e r - a l l y  e t j u j a  r a n u l a r  ; g r a i n  s i z e s :  r a n g e  frô -y__ _
4>, 5~ />-w f o r  ip| o t i  -hi, -to 7 -6  -Ffrr -f C \ A s :pX r: S ' “L  tnaufir in  e ra ] S
( b?o-K+<0 ■' ye-ry fvxn^. - &*-aJP. 1 u/rather rnj <
Moisture Content: b r \ j ____________
Figure A-17
L a b  R e p o r t  -- D e t e r m i n a t i o n  of Unit W e i g h t  of R o c k  S p e c i m e n
U s i n g  I S R M  S u g g e s t e d  Method. D o c u m e n t  No. 2, Dec. 197 7
Test Data
Weight of Sample (Kg): _____ O • 3 P 8 S
Initial Volume of Water (ml): L j - O C )
Final Volume of Water (ml): S / ~7
Volume Displaced by Sample: / / 7 <06-
Unit Weight (N/m3 ): ____ ■Z.S'̂  ' 5 H 2 - '____
C o m m e n t s : ______________________________________
1 5 5
Figure A-18
L a b  R e p o r t  -- D e t e r m i n a t i o n  of Unit W e i g h t  of R o c k  S p e c i m e n
U s i n g  I SR M S u g g e s t e d  Met hod, D o c u m e n t  No. 2, Dec. 1977
Project Name: T krxi.s_________________________________________
Sampling Location: P>?i-ojrrn Fiarvi €m arvA. Measll-
Sampling Date: jSppl, ; 1̂ %̂ ____  Testing Date: I Z / XOt fl?_____
Sample Description: C<a.ikeJ,r<A.l Peak 6ru<^Aioni^ C\Lrp); ssrxr r̂____
grained, porphyry - grain ra-na^ -Prom D. 2.<T rnm -for ‘bo-ti-ff, +c, q,6 .
CSW -foi- K-.-yaf- pkrn^nry. r̂S • /ftV&rgae, a min <i g_e- = .S'.'/wn ' S'-lOt, rrafi'cL
min<*ra-ls c^onsisflna chiefly af LipHlc uji-f-klesser hbrnklerde- ; karzi -_______
G-'radc, ,rr. t <.ui-kic.i7\! mccLi-hennq \ preferen-f-ially aJ ijn& t c-rruzhs -hrat/rr^rnj------
K - spar p>nenr> g ryxfs________ w __________________________________
Moisture Content: f)bw_________
Test Data
Weight of Sample ( K g ) : ___ D. Xt? 7 0___
Initial Volume of Water (ml): ___ ^fOO
Final Volume of Water (ml): ___ S O  8
Volume Displaced by Sample: IQ 8 c-<c-
Unit Weight (N/m3): 2̂ 6̂  O&O_______
C o m m e n t s :  ___________________________ ________ _
APPENDIX B
Method of Buckling Stress
Back-Calculation
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Figure B-l illustrates the unbuckled and buckled sections 
of a stratum. A uniform load, including the weight of the 
stratum itself, applied to the stratum is given as w. The 
original unbuckled length, the final buckled length and its 
projection are designated as Lg, L*, and L respectively. P0 
and P are original and buckling forces per unit width into the 
page. The inward movement of the ends of the buckled stratum, 
<5, is the result of lateral expansion of the adjacent 
unbuckled stratum over a distance, L1, to the point where P = 
PQ. The heave of the buckled stratum subjected to a given 
load is designated as A .
Figure B-l. Unbuckled and buckled sections of stratum
illustrating load and deformational parameters 
(after Roorda et al, 1982).
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With the assumptions that the stratum is initially 
horizontal, exhibits linearly elastic behavior, and that a 
buckle forms symmetrically about its centerline, the following 
relationships are used to compute theoretical stresses prior 
to and during buckling of the nine examples of buckled Sierra 
Nevada granodiorite.
It can be shown that the critical minimum in-situ stress 
required for buckling of a stratum is (Roorda et al, 1982):
The constant, C4, is a shape constant (= 4.72) for the smooth
To simplify calculations, T is assumed to decrease linearly 
along the distance, L1, away from the buckle.
a
where: X = w E5/4T1/2
and: a★ [ (7/4) CX]4/11
The constant C is given by:
C
12x/T
gable form. The shear stress, T, is w(tan 30°) which assumes 
a basic friction angle of 30° for granites (Watters, 1990) .
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Following is the procedure used to compute the critical 
stress at buckling failure, ab, and the original in-situ 
stress in the unbuckled stratum, oQ (see Table 6-2).
Immediately after incipient buckling failure in the 
smooth gable mode occurs, the stratum experiences tensile 
failure at x = L/4 and x = 3L/4. The theoretical heave of 
the stratum just prior to the formation of the tensile 
failures, that is, the mode change to simple gable, is:
A = c7t
where C? = 0.2 9 for the smooth gable shape and t is the 
stratum thickness. The heave is related to the inward 
deflection of the stratum for a given applied load by:
5 = C3A2/L
where L is the buckle length at the time of failure and is 
taken as being equal to two times the field measured simple 
gable buckle length. Utilizing a shape constant of C4 = 4.72 
and given that I = t3/12, Roorda et al further add that the 
inward movement of the ends of the buckle at the time of 
buckling failure is related to the buckling force by:
6 = C4(EI)3/2w2/P7/2
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Solving this equation for P and dividing by the stratum 
thickness gives the approximate stress, ab, at the time of 
buckling failure.
From equilibrium, TL1 = P0 - P (Figure B-l) and it follows
that:
<S = (P0 - P)2 /2tET
which may be solved for P0. Dividing PQ by t yields an 
estimate of the original in-situ stress in the unbuckled
stratum.
